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ABSTRACT 
 

The increasing demand for wireless video-based interactive and multimedia 

data services explains why 60-GHz wireless system is a promising candidate to 

provide multi-gigabit-per-second services. While attempting to generate and 

transmit 60-GHz signals in a wireless system cost effectively and increase the 

spectral efficiency to facilitate multi-gigabit-per-second services, this work 

presents four novel RoF systems based on optical frequency multiplication to 

reduce the bandwidth requirement of optical transmitters. In this thesis, the 

performances of RoF systems are investigated by theoretical analysis, VPI 

WDM-TransmissionMaker simulation, and experimental demonstration. 

Additionally, we employ RoF systems with OFDM modulation, single carrier 

modulation, adaptive bit-loading algorithm, I/Q imbalance compensation 

algorithm, and pre-coded method to successfully circumvent multiple system 

impairments resulting in significant system performance improvement. 

Optical I/Q up-conversion system with frequency quadrupling technique for 

60-GHz RoF system are proposed. The advantage of the proposed transmitter is 

that no electrical mixer is needed to generate RF signal. Therefore, I/Q data of 

RF signals are processed at baseband at the transmitter, which is independent 
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of the carrier frequency of the generated RF signal. Negligible power penalty 

following 25-km standard single-mode fiber transmission is observed, capable 

of significantly extending the service range to various applications within a 

building or campus. 

Electrical I/Q up-conversion RoF system which is a simple architecture for 

60-GHz application are proposed. This system can achieve fiber transmission 

distances exceeding 3-km and 10-m wireless transmission distance without any 

chromatic dispersion compensation. Fiber links of 3km are sufficient for most 

short-range RoF applications such as in-building systems, where low system 

complexity is very critical. This work also demonstrates the 2×2 MIMO 

technique for capacity improvement of the proposed system. Both SISO and 

MIMO systems are achieved record data-rate within 7-GHz license-free band at 

60 GHz and BER measurement results are below the FEC limit of 1x10−3. 

Hybrid access network which support both 60-GHz RoF and FTTx systems 

using a frequency multiplication technique are presented. One of architectures 

uses single-electrode MZM with frequency doubling technology. The other 

architecture uses dual parallel MZM with frequency quadrupling technology. 

Furthermore, wavelength reuse for uplink data transmission via a RSOA is also 

demonstrated. Two proposed hybrid access network systems exhibit no RF 

fading, no narrow-band optical filter is required at the remote node to separate 

the RF and BB signals, and vector signals are carried. Therefore, the proposed 

systems are compatible with the current PON system. 
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Chapter 1  

INTRODUCTION 

1.1 Review of Wireless Communication Systems 

Instantaneous information exchanges, which drive wireless 

communications to be more and more important in the past 20 years, have 

become an important part of daily life for many people today. The general idea 

of wireless communications is transferring signals by electro-magnetic waves 

which provide mobility to the end users. The first-generation (1G) wireless 

communication system is the narrowband analog system which was launched 

in Japan by Nippon telegraph and telephone (NTT) in 1979. With the 

disadvantages of low spectral efficiency, incompatible with digital data services, 

and poor security, the second-generation (2G) which are narrowband digital 

systems was proposed in the 1991.  Mobile devices, such as smart phones, 

tablet, ultrabooks, and e-readers, growth rapidly these days and provide 

conveniences of internet accesses for various kind of services, including social 

networking sites, online gaming, video calls, video streaming, cloud computing, 

and cloud storages. To support the tremendous amount of data transmission, 

broad-band wireless communications, including 3G, 4G (LTE, WiMAX), and 

WiFi, were proposed [1-7].  

Today, these wireless technologies have become a part of daily life and 

continue developing to provide better quality of experience. On the other hand, 

the better quality of experience means the wireless systems need to provide 

higher data rates. However, data rates of current microwave wireless systems 

are still limited to several tens of Mbps which are hampered by congestion and 
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limited spectrum in their current frequency bands of operation. Since the key to 

achieve higher data rate is bandwidth, the most promising path to multi-Gbps 

wireless communication is the use of mm-wave frequencies where very large 

bands of frequency spectra are available [8]. Thanks for the advances in 

process technologies and low cost integration solutions over the past few years. 

The mm-wave technology has attracted great interest of the standards groups 

and industry alliances. For instance, the US Federal Communications 

Commission (FCC) released a number of unlicensed bandwidth at 60GHz 

(57-64 GHz), 70GHz (71-76 GHz), 80GHz (81-86GHz), and 90GHz 

(92-94GHz and 94.1-95GHz) [9, 10]. 

Since the 60 GHz technology enables many new applications which are 

difficult to be offered by wireless systems at lower frequencies, the 60 GHz 

band has attracted many standardization bodies based on the huge continuous 

unlicensed bandwidth. As show in Fig. 1-1, many countries define different 

unlicensed bandwidth at 60GHz. For example, 9-GHz bandwidth is available in 

Europe and 7GHz bandwidth is available in USA, Canada, Japan and Korea 

[11-38]. 

The huge unlicensed bandwidth represents great potential for gigabit 

wireless applications. Furthermore, the standers for 60GHz application allow 

much higher transmit power that could provide high signal quality than other 

frequency bands. For example, the equivalent isotropic radiated power (EIRP) 

for 60GHz band is 35dBm and the EIRP for 802.11n is 25dBm. The reason for 

the higher EIRP limitation at 60GHz is crowded applications in lower 

frequency band [12]. Because of the combination of high EIRP limit and huge 

unlicensed bandwidth, the 60GHz system could provide services, such as 
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uncompressed HD video streaming with high speed data transfer, which ensure 

high quality performance and low latency for exceptional use experience. 

However, 60-GHz wireless networking brings many technical challenges 

owing to the high carrier frequencies and the wide channel bandwidths. The 

challenges include the significantly higher air-link loss, and reduced device 

performance and lower power efficiency. Figure 1-2 shows the propagation 

losses comparison between the 2.4-GHz WiFi and the 60-GHz wireless signals. 

The propagation loss of the 60-GHz wireless signals is about 30 dB higher than 

2.4 GHz WiFi signal [12]. In addition, the wide channel bandwidth means 

higher noise power and reduced signal-to-noise ratio (SNR).  

Because of the high path loss and high attenuation through building walls, 

in-building radio cells at 60 GHz are confined to a single room [36]. This 

reduces user interference resulting in very high wireless data capacity per user 

[37]. All of these factors make wireless networking at 60-GHz “pico-cellular” 

in nature with the radio cells typically smaller than 10 m. Consequently, 

multi-gigabit-per-second wireless networking at 60 GHz requires an extensive 

high-capacity feeder network to interconnect the large number of radio access 

points. 
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1.2 Radio-over-Fiber Technologies 

Figure 1-3 shows the basic structure of traditional wireless communication 

systems. The traditional wireless access points receive baseband on-off keying 

signal from the central office using Ethernet cables. The access points convert 

the wirelind baseband signal to wireless RF signal. Since the bandwidth of 

wireless channel is limited, the wireless systems need modulation formats with 

higher spectral efficiencies than wireline systems. After digital signal 

processing, the digital signal transfer to the analog signal by using digital to 

analog converter. The baseband analog signals up-convert to desire carrier 

frequency using electrical I/Q mixer. The generated RF signal is amplified 

using RF amplifiers and transmitted using wireless antennas.  

Because of the high wireless path loss and high attenuation through 

building walls for the 60-GHz wireless signal, the signal coverage per cell is 

much smaller than the WiFi system. More antenna units are required for the 

60-GHz wireless system to provide the same signal coverage as the WiFi 

system. However, more antenna units also increase the system complexity and 

cost. Complex antenna units are not practical solutions for the 60GHz 

applications. Therefore, the system needs to simplify the antenna units. 

Recently, radio-over-fiber (RoF) systems have attracted considerable 

interest because of their potential implementation in future broadband wireless 

communications. Since RoF technology reduces the cost of the access points 

and shifts the system complexity to central office, it can provide the required 

feeder network as it is best suited to deal with the demands of small-cell 

networks [38]. 

Figure 1-4 illustrates a cartoon for future 60-GHz wireless home network 
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based on RoF technology. The central office receives the data from the core 

network first. Then the central office generates the electrical RF signal. The 

electrical RF signal transfer to RoF signal by using optical modulator. After the 

optical fiber transmission, the RoF signal is sent into photodiode and converted 

to electrical RF signal at access point. For the RoF system, the access point 

does not need digital to analog converts, digital signal processing, electrical 

mixers, and RF local oscillators. Consequently, the advantages of RoF 

technologies have made them attractive options for 60 GHz wireless 

applications [18-35]. 

 

 

Figure 1-3 Basic structure of wireless system. 

 

 

Figure 1-4 Basic structure of Radio-over-Fiber system. 
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1.3 Digital Signal Processing 

Since the capacity requirement for wireless communications continues to 

increase, high spectral efficiency modulation formats and a high carrier 

frequency are required for the next generation of ultra-high capacity wireless 

systems. Many standards have been proposed concerning the delivery of 

multi-gigabit-per-second services for 60-GHz wireless system in the 7-GHz 

license-free band, including IEEE 802.15.3c, ECMA 387, WirelessHD, IEEE 

802.11.ad and Wireless Gigabit Alliance (WiGig). These standards utilize 

many data formats, such as phase-shift keying (PSK), minimum-shift keying 

(MSK), quadrature amplitude modulation (QAM), amplitude-shift keying 

(ASK), differential phase-shift keying (DPSK), single-carrier 

frequency-domain-equalization (SC-FDE), and orthogonal frequency-division 

multiplexing (OFDM). Moreover, these standards not only have different data 

formats but also have different data throughput. For example, the IEEE 

802.15.3c supports data rate from 25.3Mbps to 5.67Gbps. The WirelessHD 

specification can support data rates up to 28 Gbps for 4K resolution and 3D TV 

support [12]. 

In order to achieve multi-standard operation, 60-GHz RoF systems must 

be able to handle wireless signals with different requirements. These standards 

may impose different system performance requirements on the 60-GHz RoF 

systems. For instance channel uniformity is very critical for single-carrier 

systems [29, 39]. On the other hand, the presence of multiple carrier 

transmission in the OFDM signal format makes linearity and the ability to 

handle a high peak-to-average power ratio (PAPR) very critical system 

parameters. Therefore, the properties of modulation format are very important 
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for the system design [33-35, 40]. 

Furthermore, the system requirements are rendered even more critical for 

the very wide-band (>1 GHz) channels being considered at 60 GHz and other 

mm-wave bands. The consequence of these requirements is that they lead to the 

use of digital signal processing (e.g. I/Q imbalance compensation and adaptive 

bit-loading algorithm) for signal demodulation. 

1.4 Current State of 60 GHz RoF System 

Although the feasibility of the 60-GHz RoF system has been demonstrated 

using electro-absorption-modulator (EAM) [18-22], 60-GHz equipment and 

components are required, subsequently increasing overall system costs 

significantly. Moreover, the EAM modulation generates a double sideband 

(DSB) signal, which suffers from dispersion-induced performance fading. 

Therefore, the maximum data throughput has been demonstrated is 21 Gbps by 

using OFDM modulation format [22]. 

 Generating a 60-GHz millimeter-wave signal with frequency doubling 

and overcome the dispersion-induced performance fading warrants the 

development of a double sideband with carrier suppression (DSB-CS) 

modulation scheme using Mach-Zehnder modulator (MZM), and can support 

only an on-off-keying (OOK) modulation format [23, 24]. However, OOK 

format cannot fulfill next generation wireless multimedia services with a target 

bit rate reaching 10 Gb/s within the 7-GHz license-free band at 60 GHz. 

 Recently, some of complex RoF system architectures for radio-frequency 

OFDM signal transmission are proposed with a target bit rate reaching 14 Gbps 

[33, 34]. However, it is imperative that the employed RoF links are as simple as 

possible to reduce cost, while providing the needed performance. This is 
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especially true for certain applications such as in-building systems, where 

certain performance attributes offered by complex RoF systems are not even 

required. Therefore, the 60 GHz RoF system that has simple architecture and 

support vector signals is very important for future applications. 

1.5 Objective and Outlines of the Thesis 

In this thesis, four novel RoF systems were proposed for transporting and 

generating wideband signals at 60 GHz, and the performances were 

investigated both theoretically and experimentally. The first architecture 

demonstrates the feasibility of the generation of an RF direct-detection vector 

signal using optical I/Q up-conversion. The second system demonstrates a 

short-range RoF system employing a single-electrode Mach-Zehnder 

modulator (MZM). Both systems transmit single-carrier and multi-carrier 

signal, and employ several digital signal processing techniques. The third and 

fourth systems present two simple hybrid access network architectures for 

generating and transmitting a 60GHz radio frequency (RF) phase-shift keying 

(PSK) signal with a baseband (BB) on-off keying (OOK) signal 

simultaneously.  

This thesis is organized as the following. Chapter 1 provides the review of 

wireless systems and the advantages of 60 GHz technology. The challenges of 

the transmission of the 60 GHz signal are also discussed. Therefore, the 60 

GHz RoF systems with digital signal processing attract great interests for future 

applications. Chapter 2 describes the basic ideas of 60 GHz RoF systems using 

external modulator. RoF system can be separated into an optical system and a 

wireless system. Optical system includes the optical transmitter, the optical 

channel and the optical receiver. The optical double-sideband (DSB) and 
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double-sideband with carrier suppression (DSB-CS) modulation schemes will 

be discussed. The properties of 60 GHz components and 60 GHz wireless 

channel will be discussed. The impairments of 60 GHz RoF systems will also 

been investigated in Chapter 2. The properties of digital signal modulation 

formats and digital signal processing will be discussed in Chapter 3. The signal 

carrier, OFDM, SC-FDE, single-carrier frequency-division multiple access 

(SC-FDMA), and single-carrier frequency-division multiplexing (SC-FDM) 

modulation formats will be discussed. The digital signal processing for system 

impairments and concept of multiple-input multiple-output (MIMO) will also 

been discussed.  

A novel optical I/Q up-conversion RoF system for 60 GHz wireless 

applications will be proposed in Chapter 4. The advantage of the proposed 

transmitter is that no electrical mixer is needed to generate RF signals. 

Therefore, I/Q data of RF signals are processed at baseband at the transmitter, 

which is independent of the carrier frequency of the generated RF signal. 

Theoretical analysis and experimental demonstration of this system will be 

performed. The impacts of the I/Q imbalance will also been discussed. In order 

to achieve multi-standard operation, signal carrier and OFDM signals are 

utilized in the proposed system. The I/Q imbalance correction and adaptive 

loading algorithm are used to improve system performance. In Chapter 5, a 

simple 60GHz RoF system employing a single-electrode MZM are 

demonstrated. This system uses only one single-electrode MZM with 

bandwidth less than 35.5 GHz. The impacts of fiber chromatic dispersion and 

beat-noise on the performance of the RoF system are investigated by 

theoretical analysis and experimental demonstration. OFDM, SC-FDE and 
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SC-FDM signal generation and modulation techniques will be developed. 2 x 2 

MIMO technologies also investigated to increase the data throughput within the 

7 GHz band. 

In Chapter 6, two novel multi-service hybrid access network systems for 

60GHz wireless and wireline applications using frequency multiplication 

techniques will be presented. One of architecture uses a single-electrode MZM 

with frequency doubling technology. The other architecture uses a dual-parallel 

MZM with frequency quadrupling technology. These two schemes employ a 

novel pre-coded method that is based on the digital signal processing. The 

proposed systems does not suffer from RF fading and needs no narrow-band 

optical filter at the remote node to separate the RF and baseband signals. A 

frequency multiplication method for RoF link is realized to reduce the 

bandwidth requirement of the transmitter. Finally, Chapter 7 reviews the main 

conclusion of the thesis. 
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Chapter 2  

RADIO-OVER-FIBER SYSTEMS USING EXTERNAL 

MODULATOR 

2.1 The Architecture of 60 GHz Radio-over-Fiber Systems 

There are two parts in radio-over-fiber (RoF) system: optical system and 

wireless system [38]. The optical system includes optical transmitter, optical 

channel, and optical receiver. The wireless system includes wireless transmitter, 

wireless channel, and wireless receiver. Optical transmitter converts an 

electrical input signal into the corresponding optical signal and then launches it 

into the optical fiber serving as a communication channel. Since the optical 

signal transfer in the optical fiber, the signal would suffer fiber dispersion that 

would induce frequency-selective fading. This phenomenon would introduce in 

2.2.2. The role of an optical receiver is to convert the optical signal back into 

electrical form using photodiode. The generated electrical signal is at radio 

frequency and then launches it into the antenna serving as wireless transmitter.  

For the wireless transmitter, the electrical amplifier amplified radio 

frequency signal and then broadcast the signal into the air by using antenna. 

The signal transfers the energy using electro-magnetic waves without wires. At 

wireless receiver side, the radio frequency signal down-converted to lower 

frequency and demodulated the signal. In this chapter, we will do an 

introduction about the radio-over-fiber systems using external Mach-Zehnder 

Modulator (MZM), and investigate its impairments of theoretically and 

experimentally in 2.3. 
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2.2 Optical System 

2.2.1 Optical Transmitter 

 The traditional optical transmitter concludes RF driving signal, optical 

source, and optical modulator. The RF driving signal with high spectral 

efficiency modulation is required to provide higher data-rate transmission 

because the bandwidth of a wireless channel is limited. Therefore, high order 

quadrature amplitude modulation (QAM) is a good candidate [41]. The 

corresponding system requires I/Q mixer to up-convert the in-phase (I) and 

quadrature phase (Q) signals.  

Presently, most RoF systems are using laser as optical source. The 

advantages of laser are compact size, high efficiency, good reliability small 

emissive area compatible with fiber core dimensions, and possibility of direct 

modulation at relatively high frequency.  

For the optical modulator, direct modulation and external modulation are 

two modulations of generated optical signal. When the bandwidth of direct 

modulation signal is above 10 GHz, the frequency chirp imposed on signal 

becomes large enough. Hence, it is difficult to apply direct modulation to 

generate microwave/mm-wave signal. However, the bandwidth of signal 

generated by external modulator can exceed 10 GHz easily. Presently, most 

RoF systems are using external modulation with MZM or electro-absorption 

modulator (EAM) [18-22]. The most commonly used MZM are based on 

LiNbO3 (lithium niobate) technology. According to number of electrode, there 

are two types of LiNbO3 device: dual-drive Mach-Zehnder modulator 

(DD-MZM) and single-drive Mach-Zehnder modulator (SD-MZM) [42, 43]. 
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The SD-MZM has two arms and an electrode. The optical phase in each 

arm can be controlled by changing the voltage applied on the electrode. When 

the lightwaves are in phase, the modulator is in “on” state. On the other hand, 

when the lightwaves are in opposite phase, the modulator is in “off ” state, and 

the lightwave cannot propagate by waveguide for output. 

The modulator is used for converting electrical signal into optical form. 

Because the external dual-parallel modulator was composed of MZMs, we 

select MZM as modulator to build the architecture of optical transmitter. Figure 

2-1 shows the schematic model of the MZM. The incident optical filed Ein is 

divided into two optical fields by optical coupler. The two optical fields send 

into two isolated paths, which are called upper arm and lower arm. The applied 

electrical signal modifies the velocities of the optical fields by the 

Pockels-Effect [43]. The velocity variation corresponds to the phase 

modulation of the optical field. The output optical filed for upper arm is 

E E ∙ √a ∙ e ∆                    (2-1) 

Where a is the power splitting ratio of power coupler. ∆φ  is the optical 

carrier phase difference that is induced by driving voltage for upper arm. The 

power splitting ratio is defined as the ratio of the transmission power to the 

coupling power. A coupler always has non-ideal power splitting ratios due to 

manufacturing limitations, e.g. a 1 2⁄ . Therefore, the output optical filed for 

lower arm is 

E E ∙ √1 a ∙ e ∆φ                  (2-2) 

∆φ   is the optical carrier phase difference that is induced by driving voltage for 

lower arm. The output optical filed for MZM is 

E E ∙ √a ∙ √b ∙ e ∆φ √1 a ∙ √1 b ∙ e ∆φ       (2-3) 
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b is the power splitting ratio of second power coupler in MZM. The power 

splitting ratio of two couplers of a balanced MZM is 0.5. The output optical 

filed of the balanced MZM is given by 

E ∙ E ∙ e ∆φ e ∆φ                 (2-4) 

E E ∙ cos ∆ ∙ exp j
∆φ ∆φ

            (2-5) 

∆φ is the combined phase shift and can be calculated as the difference between 

∆φ  and ∆φ  (∆φ ∆φ ∆φ ). For single electro x-cut MZM, the driving 

voltage for lower arm is the opposite of driving voltage for upper arm 

(∆φ ∆φ ) [44]. Therefore, the output optical field for single electro x-cut 

MZM can be simplify as 

E E ∙ cos ∆
                   (2-6) 

∆φ ≜ ∙ π                        (2-7) 

The v  is called half-wave voltage that can induce π combined phase shift if 

the half-wave voltage is applied to the driving voltage [45]. If driving voltage 

equals to v , the modulator output power has its minimum value. The optical 

field E0 of the laser can be expressed by 

E E cos t                   (2-8) 

Where E0 and  denote the amplitude and angular frequency of input optical 

field, respectively. After add time component, the optical field will become as 

E E ∙ cos ∆ ∙ cos t              (2-9) 

The loss of MZM is neglected in previous equations.  consisting of an 

electrical sinusoidal signal and a dc biased voltage can be written as,	 

cos t                 (2-10) 
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where  is the dc biased voltage,  and  are the amplitude and the 

angular frequency of the electrical driving signal, respectively. The optical 

carrier phase difference induced by  is given by 

∆ ∙ ∙ π          (2-11) 

Equation (2-10) can be written as: 

E E ∙ cos
π

∙ π ∙ cos ω                

E ∙ cos b m ∙ cos t ∙ cos ω                    

E ∙ cos ω t ∙ cos b ∙ cos m ∙ cos ω t                

sin b ∙ sin m ∙ cos ω t         (2-12) 

where  ≜ π  is a constant phase shift that is induced by the dc biased 

voltage, and  ≜ π   is the MZM modulation index (MI). The time 

dependent terms in Eq. (2-12) can be substituted with cos x cos θ  and 

sin x	 cos θ . The cos x cos θ  and sin x	 cos θ  terms can be expanded 

applying Bessel functions. The expansion results can be summarized as follows 

[46] 

cos x cos θ J x 2 1 J x cos 2nθ

∞

sin x	 cos θ 2 1 J x cos 2n 1 θ

∞  

                                                      (2-13) 

Expanding Equation (2-12) using Bessel functions, as detailed in Equation 

(2-13). The optical field at the output of the MZM can be written as: 

						E E ∙ cos ∙ 

																				 cos ∙ 2 ∙ 1 ∙ m ∙ cos 2

∞
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																			 sin ∙ 2 ∙ 1 ∙ ∙ cos 2 1

∞

 

                 (2-14) 

where  is the Bessel function of the first kind of order n. the optical field of 

the mm-wave signal can be written as 

 E E ∙ cos ∙ ∙ cos  

																	 E ∙ cos ∙ ∙ cos

∞

2 π  

																	 E ∙ sin ∙ ∙ cos

∞

2 1  

                                     (2-15) 

When the MZM is biased at the maximum transmission point, the bias 

voltage is set at  0, and cosb = 1 and sinb = 0. Consequently, the optical 

field of the mm-wave driving signal can be written as 

																				E E ∙ ∙ cos  

																																					 E ∙ ∙ cos

∞

2 	 

(2-16) 

The amplitudes of the generated optical sidebands are proportional to 

those of the corresponding Bessel functions associated with the phase 

modulation index . With the amplitude of the electrical driving signal  

equal to , the  is π 2⁄ . Due to the properties of Bessel function of the first 

kind, the value of  would increase as order n decrease when 0  

and 1. As shown in Fig. 2-2, , , , and  are 
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0.5668, 0.2497, 0.069, and 0.014, respectively. Therefore, the optical sidebands 

with the Bessel function of first kind of high order term can be ignored, and Eq. 

(2-16) can be further simplified to 

E E ∙ ∙ cos E ∙ ∙ cos	 2   (2-17) 

When the MZM is biased at the middle point, the bias voltage is set at 

V , and cos b √ 	and sin b √ . Consequently, the optical field of 

the mm-wave signal using double sideband (DSB) can be written as 

E
√
∙ E ∙ ∙ cos ω t                           

										
√
∙ E ∙ ∙ cos	              (2-18) 

When the MZM is biased at the null point, the bias voltage is set at 

V , and cos 0	and sin 1. Consequently, the optical field of 

the mm-wave signal using DSB with carrier suppression (DSBCS) modulation 

can be written as 

E E ∙ ∙ cos	                (2-19) 

The generated optical spectrums of DSB and DSBCS signal are shown in 

Fig. 2-3 (a) and (b), respectively. 

 

Figure 2-1 The principle diagram of the optical mm-wave generation using 

MZM. 
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Figure 2-2 The magnitude of Bessel functions versus different RF modulation 

index. 

 

 

Figure 2-3 The generated optical spectrum: (a) DSB signal; (b) DSBCS signal. 

2.2.2 Optical Channel 

Communication channel concludes fiber, optical amplifier, etc.. Presently, 

most RoF systems are using standard single-mode fiber or dispersion 

compensated fiber (DCF) as the transmission medium. When the optical signal 

transmits in optical fiber, dispersion will be happened. DCF is use to 
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compensate dispersion. The transmission distance of any fiber-optic 

communication system is eventually limited by fiber losses. For long-haul 

systems, the loss limitation has traditionally been overcome using regenerator 

witch the optical signal is first converted into an electric current and then 

regenerated using a transmitter. Such regenerators become quite complex and 

expensive for WDM lightwave systems. An alternative approach to loss 

management makes use of optical amplifiers, which amplify the optical signal 

directly without requiring its conversion to the electric domain. Presently, most 

RoF systems are using erbium-doped fiber amplifier (EDFA). An optical 

band-pass filter (OBPF) is necessary to filter out the amplified spontaneous 

emission (ASE) noise. The model of communication channel is shown in Fig. 

2-4. 

When optical RF signals are transmitted over a standard single-mode fiber 

with dispersion, a phase shift to each optical sideband relative to optical carrier 

is induced. The propagation constant of the dispersion fiber  can be 

expressed as [47] 

                                        

  		 ⋯       (2-20) 

where  is the derivative of the propagation constant evaluated 

at . The effect of high order fiber dispersion at 1550-nm band is 

neglected. For carrier tones with central frequency at , the eq. 

(2-20) can be expressed as 

≅       (2-21) 
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∙ D 	                 (2-22) 

where c is light speed in free space and D is the chromatic dispersion parameter. 

For a standard single-mode fiber, D is 17-ps/(nm.km) [43]. The fiber loss is 

ignored. Therefore, after transmission over a standard single-mode fiber of 

length z, the optical field for the DSB modulation scheme can be written as 

E
√
E ∙ cos                           

cos	 ∓   (2-23) 

The optical field for the DSBCS modulation scheme can be written as 

E E ∙ cos	 ∓   (2-24) 

 

 

Figure 2-4 The model of optical channel in a RoF system. (OBPF: optical 

bandpass filter; EDFA: erbium doped fiber amplifier.) 

2.2.3 Optical Receiver 

Optical receiver usually consists of the photodiode and the 

trans-impedance amplifier (TIA). The function of photodiode is to convert 

optical signal to electrical current. The function of TIA is to convert current to 

output voltage. The generated electrical signal is proportional to the square of 

the optical filed. 

∙                       (2-25) 
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where R is the responsivity of photodiode [47]. The optical field for the DSB 

modulation scheme will generate the electrical signal after photodiode. The 

photocurrent for the DSB modulation scheme without optical fiber 

transmission at different frequency can be expressed as 

 ∙ ∙ 2 ∙                     

∙ ∙ ∙ ∙                       

∙ ∙ ∙                      (2-26) 

For the RoF application, the frequency of desired mm-wave signal is ω . 

The reason is that the photocurrent at ω  is proportional to driving signal v 

without significant distortion for small modulation index. Therefore, the DSB 

modulation scheme is one of RoF schemes for vector signal generation. In 

order to investigate the impairment of fiber dispersion, the he photocurrent with 

optical fiber transmission at ω  can be expressed as 

∙ ∙ ∙ ∙ ∙ cos          (2-27) 

Due to fiber dispersion effect, the RF fading issue would be observed. The 

RF signal power is related to cos . Therefore, the RF fading issue 

would become serious when the magnitude of frequency  become large. 

As shown in the Fig. 2-5, when the frequency  increases, the RF power 

will drop off rapidly. For 60-GHz applications, the frequency  is fixed at 

60.5 GHz. The first deep appears following 1-km fiber transmission. 

The photocurrent for the DSBCS modulation scheme without optical fiber 

transmission at different frequency can be expressed as 

 ∙ ∙                           
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∙ ∙ ∙                (2-28) 

The frequency of desired RoF signal is 2 . DSBCS modulation scheme 

has effective in the millimeter-wave range with excellent spectral efficiency, a 

low bandwidth requirement for electrical components. However, the 

photocurrent at 2  is proportional to the square of driving signal. Therefore, 

DSBCS schemes can only support on-off keying (OOK) format, and none can 

transmit vector modulation formats, such as phase-shift keying (PSK), QAM, 

or OFDM signals, which are of utmost importance for wireless applications. In 

order to investigate the impairment of fiber dispersion, the photocurrent with 

optical fiber transmission at 2  is the same with the optical signal without 

optical fiber transmission. The reason is that the desired RoF signal comes 

from one copy of the optical signal at photodiode. In order to combine with 

wireless system, the electrical bandpass filter will be used to reject out-of-band 

signals in wireless transmitter. 

0 2 4 6 8 10
-70

-60

-50

-40

-30

-20

-10

0

10
 

 

N
or

m
al

iz
e 

P
ow

er
 (

dB
r)

Transmission Distance (km)
 

Figure 2-5 Simulated RF power of the generated mm-wave signal versus 

standard single-mode fiber length. 



24 
 

2.3 Wireless System 

2.3.1 Wireless Transmitter 

Thanks to the RoF technology, the wireless transmitter does not need 

electrical mixer and local oscillator to up-convert signal to wanted carrier 

frequency. Therefore, the wireless transmitter only consists of electrical 

bandpass filter, electrical amplifier and, antennas, as shown in Fig. 2-6. Since 

the high transmit power is necessary to overcome the higher path loss at 60 

GHz, FCC allocated the 60 GHz license-free band in US from 57 to 64 GHz 

with a maximum equivalent isotropically radiated power (EIRP) of 40 dBm 

average and 43 dBm peak [12]. However, the output power for 60 GHz 

amplifier is typically limited to 10 dBm because the implementation of efficient 

power amplifiers at 60 GHz is challenging. Thanks for the huge antenna gain 

can be used to increase EIRP. The huge antenna gain at 60 GHz has 

significantly boosted the allowable EIRP limits. 

 

 

Figure 2-6 The model of wireless transmitter of RoF system. 
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2.3.2 Wireless channel 

In order to improve the quality of 60GHz communications, understand the 

characteristics of 60GHz wireless channel is very important. The path loss is an 

important parameter for the wireless application. The Friis free space 

propagation formula could be express as 

P P G G                    (2-29) 

where PR and PT are the transmitted and received power, respectively. λ is the 

signal wavelength, d is the transmission dictation between transmitter antenna 

and receiver antenna, GT and GR are transmit and receiver antenna gain, 

respectively. From this equation, the higher carrier frequency signals have 

lower wavelength and high path loss. Compared with signal propagation in 2.4 

GHz, the path loss in 60 GHz is 20-30dB attenuation. 

 The other phenomenon of wireless communication is multipath fading. 

The wireless signals at low frequency suffer serious frequency-selective fading 

because of the scattering effect which comes from objects that are roughness 

compared to the wavelength. Things change in 60 GHz signal, the signal 

wavelength is much smaller than low frequency signal. The reflection effect 

which comes from objects that are smooth compared to the wavelength. 

Therefore, the 60-GHz signal does not suffer too much scattering effect, but 

reflection effect. Because of the reflection loss for the 60-GHz signal is about 

10dB, the main propagation phenomenon for 60-GHz signal consists 

line-of-sight (LoS), first, and second order reflections [12]. 

2.3.3 Wireless Receiver 

The wireless signal is received by receiver antenna. After receiver antenna, 
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RF bandpass filter is used to reject out-of-band signals. In order to keep the 

SNR of signal as high as possible, the in-band RF signals are then amplified by 

a low-noise amplifier (LNA). After the LNA, there have three methods for the 

RF front-end architecture [12]. 

In first method, the RF signal split into two signals, two RF signals are 

down-converted to baseband with two mixers and the quadrature local 

oscillators. Two baseband signals are transferred to digital signals by using 

analog to digital converters, as shown in Fig. 2-7 (a). Since this direct 

down-convert system is very challenging in 60 GHz circuit, the system has 

multiple down-converter stage is more practical. In second method (see Fig. 

2-7 (b)), the RF signal is down-converted to intermediate frequency (IF) by a 

local oscillator and electrical mixer. And then the IF signal split into two 

signals, two IF signals are down-converted to baseband with two mixers and 

the quadrature local oscillators. Two baseband signals are transferred to digital 

signals by using analog to digital converters. In third method, the system is 

almost the same with second method. As Fig. 2-7 (c) shows, These IF signals 

are not directly down-converted into baseband but send the IF signal into 

analog-to-digital converter (ADC). The IF signals are digitalized by ADC. 

Then, the function of I/Q mixer is done in the digital domain. 

Because of the I/Q mixer in digital domain is more accurate than analog 

I/Q mixer and high sampled scope is not difficult for experiment, this thesis use 

third method for experimental demonstration. 
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Figure 2-7 Wireless receiver: (a) direct conversion; (b) multiple conversions; (c) 

digital conversion. (BPF: bandpass filter; LO: local oscillator; DSP: digital 

signal processing.) 

 

2.4 The Impairments of 60 GHz Radio-over-Fiber Systems 

2.4.1 Inter-Symbol Interference 

One of impairment of 60 GHz RoF system is inter-symbol interference 

(ISI), which causes a transmitted symbol to be interfered by other transmitted 

symbols. ISI is usually caused by multipath propagation and non-ideal channel 
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impulse response. Multipath propagation means that the signal from transmitter 

to receiver has many different paths. The causes of this include reflection, 

refraction and atmospheric effects. This effect always occurs in the wireless 

signal transmission and the connections between components that do not match. 

Non-ideal channel impulse response means that the channel impulse response 

is not impulse. The receiver signal equals to the convolution of transmitter 

signal and channel impulse response. Since the channel impulse response is not 

impulse, a transmitted symbol would be interfered by other transmitted 

symbols, as shown in Fig. 2-8. This effect always happens at components 

which have uneven impulse response and fiber induced fiber dispersion [23, 

29]. 

 

Figure 2-8 The schematic diagram of inter-symbol interference. 

2.4.2 Frequency-Selective Fading 

Fading means that the single has large attenuation at some of frequencies. 

This effect caused by partial cancellation of a signal by itself. The signal 

arrives at the receiver by two different paths. These two paths have same 

amplitude response and 180 degree difference phase response. At receiver side, 

the combination signal would disappear due to disruptive interference. In 60 

GHz RoF systems, fading always may be due to multipath propagation or due 

to fiber dispersion. A good example is shown in Fig. 2-5, where a carrier 

frequency of 60.5 GHz is chosen, resulting in the huge deep occurs after 1 km 

fiber transmission [26]. 
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2.4.3 I/Q Imbalance 

 For the vector signal generation, the generator needs I/Q modulator to 

up-convert the in-phase (I) and quadrature phase (Q) signals. Since the I and Q 

data go through different paths, the amplitude and phase imbalance would 

contribute an additional interfering component at image frequency and induce 

signal performance degradation, as shown in Fig. 2-9. Due to the 7-GHz wide 

signal at 60 GHz band, different frequency has different imbalance coefficient. 

Therefore, it is difficult to maintain the I/Q balance at every frequency by using 

time domain compensation algorithm. Therefore, an adaptive I/Q imbalance 

correction scheme in frequency domain is needed to compensate the wideband 

signal. 
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*
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Figure 2-9 The schematic diagram of I/Q imbalance. 

2.4.4 Peak-to-Average Power Ratio 

Peak-to-Average Power Ratio (PAPR) is calculated from the peak 

amplitude of the waveform divided by the average power of the waveform [48]. 

If waveforms have same average power, high PAPR waveforms which have 

high peak power compared with low PAPR waveforms, as shown in Fig. 2-10. 

Since the linear region of system is limited, the high PAPR signals are easily 

distorted. Due to the large power variation for high PAPR signals, these signals 
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also induce high quantization noise for the digital-to-analog converter (DAC) 

and ADC. Since some of components have limited input peak power, the output 

power for the high PAPR signals is limited. Therefore, the high PAPR signals 

would degrade system performance. 

 

Figure 2-10 The schematic diagram of PAPR. 

2.5 Summary 

Optical RF signal generations using an external MZM based on DSB and 

DSBCS modulation schemes are reliable techniques. The DSB modulation 

signal undergoes performance fading that restricts the fiber transmission 

distance due to fiber dispersion. Although DSBCS modulation has been 

demonstrated to be effective in the millimeter-wave range, it cannot generate 

vector modulation formats which are of utmost importance in wireless 

applications. The transmission distance of the 60-GHz wireless signal is 

dramatically restricted in a small range due to the high path losses. The main 

propagation phenomenon for 60-GHz signal consists LoS, first and second 

order reflections. Wireless transmitter and receiver were discussed in this 

chapter. The impairments of 60-GHz RoF systems are also investigated in this 

chapter. They include inter-symbol interference, fading, I/Q imbalance, and 

PAPR. 
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Chapter 3  

DIGITAL MODULATION TECHNIQUES 

3.1 Preface 

In this chapter, we will give the brief overviews for digital signal 

techniques. The digital modulation formats including 1: single carrier, 2: 

orthogonal frequency-division multiplexing (OFDM), 3: single-carrier 

frequency-domain-equalization (SC-FDE), 4: single-carrier frequency-division 

multiple access (SC-FDMA), 5: single-carrier frequency-division multiplexing 

(SC-FDM). The digital signal processing for system impairments including: 1. 

Adaptive bit-loading algorithm, 2: I/Q imbalance compensation algorithm. This 

chapter also introduces multiple-input multiple-output (MIMO) technique in 

3.4. 

3.2 Digital Modulation Formats 

3.2.1 Single Carrier 

The single carrier modulation is a popular modulation format in digital 

communication systems. A single carrier system modulates a sequence of 

digital symbols into a high frequency sinusoidal signal called carrier. The 

modulated signal has three parameters: frequency, phase, and amplitude. Figure 

3-1 shows two basic single carrier modulations with one bit per symbol. They 

are amplitude-shift keying (ASK) and phase-shift keying (PSK) [41]. The ASK 

signal with one bit per symbol is also called on-off keying (OOK). The PSK 

signal with one bit per symbol is also called binary PSK (BPSK). For the 

BPSK signal, the signal has 180 degree phase different between 1 and 0. The 



32 
 

BPSK signal can be expressed as 

cos 2 , for	1                               

cos 2 cos 2 , for	0       (3-1) 

where A and  are the amplitude and frequency of carrier signal, 

respectively. The BPSK signals can be graphically represented by a 

constellation diagram. The constellation diagrams only consider the amplitude 

and phase information of transmitted signal. 

The BPSK signal contains only one bit per symbol which is very low 

spectral efficiency. Modulation format with high spectral efficiency is very 

important for wireless communication systems. Figure 3-2 shows the 

constellation diagrams for the PSK, quadrature PSK (QPSK), and 8PSK signals. 

The QPSK and 8PSK signal have 2 and 3 bits per symbol, respectively. Based 

on amplitude and phase modulations, a variety of modulation schemes can be 

derived from their combinations. For example, by modulating both amplitude 

and phase of the carrier, we can obtain a scheme called quadrature amplitude 

modulation (QAM). Figure 3-3 shows the constellation diagrams for the 

8QAM, 16QAM, and 32QAM signals. The transmitted s(t) can be express as 

cos 2π sin 2π            (3-2) 

where I(t) and Q(t) are the in-phase and quadrature component, respectively. At 

the receiver, the I(t) and Q(t) can be obtained by multiplying the received 

signal with cosine and sine signals, respectively. 

While transmitting through the channel, the signal suffers distortions, 

interferences, and noises which may introduce error after demodulation. 

Therefore, bit-error rate (BER) is the preferred measurement to verify system 

performance. When the real-time BER measurement is impossible in some of 
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digital receiver, the BER estimation from the demodulated constellation is very 

important. The BER of square QAM signal can be related to the signal to noise 

ratio (SNR): 

BER ∙ 1
√

∙ ∙

∙
            (3-3) 

The SNR can be derived from error vector magnitude (EVM): 

SNR = –20 log (EVM/100%)                (3-4) 

The EVM is defined as the noise power from constellation over the signal 

power from constellation, as shown in Fig. 3-4. The importance of the above 

equation is that it relates EVM to BER through the SNR. These equations 

assume that the noise is Additive White Gaussian Noise (AWGN) [41, 49]. 

 By the way, the channel also induces inter-symbol interference (ISI). The 

single carrier modulation signal could use feed-forward equalizer or feedback 

equalizer to improve system performance. The principles of these time domain 

equalizers are that the equalizers capture a sequence symbols and using 

adaptive signal processing to find the best weight coefficients for the reduction 

of impairment of ISI [50-52]. 

 

Figure 3-1 The waveform of bandpass modulation signals. 
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Figure 3-2 Signal constellation: (a) BPSK, (b) QPSK, (c) 8-PSK. 

 

Figure 3-3 Signal constellation: (a) 8-QAM, (b) 16-QAM, (c) 32-QAM. 
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Figure 3-4 The principle diagram of error vector magnitude (EVM). 

3.2.2 Orthogonal Frequency-Division Multiplexing 

Recently, the multicarrier modulations have attracted significant interest 

because of many advantages [53-56]. One of advantages is that the symbol rate 

of multicarrier modulations is much lower than single carrier modulations. 

Thus the effect of ISI will be reduced and the equalization in the demodulation 

will be easier than single carrier modulation system with high symbol rate. In 

order to increase data throughput within limited bandwidth, the frequency 

spacing between subcarriers is set as low as possible. The minimum frequency 

spacing between subcarriers is equal to the symbol rate, so that all subcarriers 

are orthogonal to each other and can be separated without using filter in the 

receiver. This modulation format is called OFDM. 

The block diagram of the OFDM transmitter consists of serial-to-parallel 

conversion, modulation mapping, inverse fast Fourier transform  (IFFT), 

cyclic prefix (CP) insertion, and digital-to-analog converter (DAC), as shown 

in Fig. 3-5 (a). The serial binary data sequence is firstly transfer to parallel 

sequence for each subcarrier. The binary data is mapped onto high order 

modulation symbols that can enhance spectral efficiency. The symbols are 
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transferred into time domain waveform through an IFFT. After the IFFT 

operator, the symbols at different subcarriers are assigned to suitable 

frequencies which are orthogonal each other. Then, a generated single inserts a 

waveform referred to as a CP. The CP that is a copy of the last part of the block 

could provide a guard time to prevent ISI.  

The block diagram of the typical OFDM receiver is shown in Fig. 3-5 (b). 

This demodulation process includes synchronization, fast Fourier transform 

(FFT), equalization, and symbol decoding. After timing synchronization by 

using training symbols, the FFT operator is used to transfer time domain signal 

to frequency domain. The channel information can be found from received 

training symbols. Due to the bandwidth of one subcarrier is fairly narrow for 

OFDM signals, the equalization can be implemented by just multiplying a 

value for each subcarrier. This equalization is called one-tap equalization or 

frequency domain equalization. 

 

Figure 3-5 Block diagrams of OFDM transmitter (a) and receiver (b). (IFFT: 

inverse fast Fourier transform, DAC: digital-to-analog converter, ADC: 

analog-to-digital converter, FFT: fast Fourier transform) 
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3.2.3 Single-Carrier Frequency-Domain-Equalization 

The drawback of OFDM signals is the high peak-to-average power ratio 

(PAPR). The OFDM signal is the sum of all the subcarriers. If many subcarriers 

are in phase for some input data, the signal would have high peak power. There 

are some issues for high PAPR signal. Because the system is not completely 

linear, the high peak power of a signal would be clipped by the system. 

Therefore, the high PAPR signals are easily distorted and cause performance 

degradation. On the other hand, since the high PAPR signals have large power 

distribution, the signal would suffer more quantization noise and also induce 

performance degradation. Moreover, some of components limit the peak power 

of the signal. The system would have less power budget that would limit the 

transmission length. Due to these reasons, high PAPR become a big issue for 

the OFDM signal. 

The equalizer is needed to compensate ISI that is introduced by the 

multipath propagation channel. The traditional single carrier signal use 

conventional time domain equalizers that are not practical for the broadband 

signal because of the long channel impulse response in the time domain. 

Therefore, the FDE is more practical for the 60 GHZ systems with broadband 

channels. The transitional single carrier signal has low PAPR, but without using 

frequency domain equalization (FDE). If we can combine the advantage of 

OFDM and single carrier signal, this SC-FDE signal would have higher quality 

than the OFDM and traditional signal carrier signal. Therefore, the SC-FDE is 

used in this research [57, 58]. 

 Figure 3-6 shows the basic idea of the time domain equalizer and the FDE. 

The input signal and channel impulse response are x and h, respectively. The 
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received signal y is the convolution of the input signal x and channel response 

h in time domain. For the linear time invariant system, the convolution 

operation between the time-domain signal and channel response is equal to a 

multiplication operation in frequency domain. 

 However, the Fourier transform of the entire data sequence is not a 

practical solution. Thus, the signal is separated to several blocks which are 

equal to the defined FFT size. As the FFT is the implementation of a circular 

convolution, adding CP to the signal maintains the continuity of the signal. 

Therefore, the principle of SC-FDE is almost the same with OFDM signal. The 

advantage of frequency domain equalizer is only a one-tap equalizer is needed. 

When the broadband signal suffers a serious ISI, the time domain equalizer 

needs more taps to compensate for system performance which increase the 

computation requirement of the algorithm. On the other hand, the FDE only 

needs to increase the length of CP and FFT size. Although, larger FFT size also 

increase the computation requirement but increase the number of processing 

symbols. Different CP size only increase overhead of signal but does not 

increase processing complexity. 

 Figure 3-7 shows the block diagram of SC-FDE transmitter and receiver. 

The transmitter is almost the same with traditional single carrier modulation. 

The only difference is the SC-FDE needs additional overhead that is CP for 

FDE. At the receiver side, the CP is removed from the signal and then transfer 

to the frequency domain using FFT operator. The FDE is used to compensate 

for ISI. Due to the original signal is in time domain, the IFFT operator is used 

to transfer the frequency domain signal to time domain after equalization. 

 There are some similarities and differences between OFDM and SC-FDE. 
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The similarities are the FFT based implementations with CP and FDE. The 

difference are: the SC-FDE has FFT and IFFT at the receiver, whereas OFDM 

has the IFFT at the transmitter and the FFT at the receiver. SC-FDE has lower 

PAPR than OFDM. SC-FDE has lower sensitivity to the carrier frequency 

offset than OFDM. SC-FDE could not use adaptive bit and power loading, 

whereas OFDM could use adaptive bit and power loading. Because the 

SC-FDE has lower complexity at the transmitter, the SC-FDE is very suitable 

for the uplink of communication system. 

By the way, equalizer coefficients play important roles in FDE to 

compensate for ISI. The OFDM signal uses train symbol to find equalizer 

coefficients. Therefore, the SC-FDE signal also needs train symbol. However, 

the SC-FDE signal has different power for different frequency subcarriers. Due 

to this reason, some subcarriers easily suffer noise interference and hard to find 

correct equalizer coefficients. One solution is that the SC-FDE systems use the 

OFDM train symbol. Nevertheless, the OFDM train symbol have high PAPR 

problem. Consequently, the Zadoff-Chu sequence is used to solve this problem. 

A Zadoff-Chu sequence is a complex-valued sequence which has constant 

power in time domain and frequency domain [59]. Therefore, this sequence 

provides low PAPR train symbols in time domain and without power variation 

in frequency domain. 
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Figure 3-6 Basic idea for frequency domain equalization. 

 

 

Figure 3-7 Block diagrams of SC-FDE transmitter and receiver. 

3.2.4 Single-Carrier Frequency-Division Multiple Access 

Before start with SC-FDMA modulation format, we introduce orthogonal 

frequency-division multiple access (OFDMA) modulation format first. The 

OFDMA modulation format is a multi-user version of OFDM modulation 

scheme [60, 61]. Different users have different channel. The OFDMA could 

assign suitable subcarriers for different users. However, the OFDMA has the 

same problem, which is high PAPR issue, with the OFDM signal. Signal with a 

high PAPR require high linearity components to avoid inter-modulation 
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distortion. Therefore, the SC-FDMA signal is proposed to provide better 

system performance for multi-user system. The OFDMA modulation format is 

a multi-carrier signal whereas SC-FDMA modulation format is a single carrier 

signal. Because of this reason, the SC-FDMA modulation format has lower 

PAPA than OFDMA modulation format. 

Figure 3-8 shows the concept of SC-FDMA generation and demodulation 

system for uplink [48, 62]. Therefore, the system has several transmitters. The 

principle of SC-FDMA comes from SC-FDE system. Due to the IFFT is the 

inverse operator of a FFT, the block diagram of SC-FDE transmitter could be 

change as Figure 3-9. The original binary data sequence is sent into a vector 

signal modulator to map the original data onto a constellation. Then, a serial 

data sequence transfer to a parallel data sequence by using serial to parallel 

converter. In order to provide multi-user version, the FFT length need to be 

reduced. The FFT length of system depends on user bandwidth. The N-points 

modulation symbols Xn provide N-points output symbols in frequency domain 

by using N-points DFT operator. The SC-FDMA generator then maps several 

set of N-points output symbols to M orthogonal subcarriers. Then, an IFFT 

convert the frequency domain signal into a time domain signal. Then, CP, 

which is a copy of the end of the block and provides a guard time to prevent ISI, 

is inserted to the start of the generated time domain signal. 

Two mapping methods will be introduced in this thesis. Figure 3-10 shows 

a distributed subcarrier mapping and a localized subcarrier mapping. In the 

distributed subcarrier mapping the N-points output symbols are distributed 

within the entire channel bandwidth that has M subcarriers. In the localized 

subcarrier mapping, the N-points output symbols are assigned to adjacent 
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frequency subcarriers. The SC-FDMA signal with distributed subcarrier 

mapping is named DFDMA. The LFDMA is the SC-FDMA signal with 

localized subcarrier mapping. The other M-N subcarriers, which are not 

occupied by data symbols, are assigned to be zero. If the occupied subcarriers 

are with equal frequency spacing in distributed mapping method, this mapping 

method is also named interleaved subcarrier mapping. The interleaved 

subcarrier mapping of SC-FDMA is interleaved FDMA (IFDMA) which is a 

special case of DFDMA [63, 64]. 

 

 

Figure 3-8 Block diagrams of SC-FDMA transmitter and receiver. 
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Figure 3-9 Block diagrams of SC-FDE transmitter. 

 

 

Figure 3-10 The distributed and localized subcarrier mapping modes for one 

user of SC-FDMA signal. 

3.2.5 Single-Carrier Frequency-Division Multiplexing 

From previous description, different user uses different subcarriers. 

However, this thesis focuses on 60-GHz RoF system with only one transmitter 

which could provide high data throughput. Therefore, this thesis proposed a 

novel modulation format that looks like SC-FDMA signal as shown in Fig. 

3-11. The proposed modulation format is named single-carrier 

frequency-division multiplexing (SC-FDM). The concept of SC-FDM 

combines the signal processing for different users. The difference between 
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SC-FDM and SC-FDMA modulation formats are the serial to parallel converter, 

FFT, and IFFT operator. Since the proposed modulation format wants to 

occupy the full channel bandwidth, the serial to parallel converter needs to 

provide M symbols from M/N N-points FFT operators. Because the IFFT is a 

linear operator, the generator only needs one IDFT operator to convert the 

signal which is the combination of M symbols from frequency domain to time 

domain. Since the SC-FDMA receiver demodulate the signal from all users at 

the same time, the SC-FDM modulation scheme has the same receiver. 

Figure 3-12 shows the conceptual diagrams of SC-FDM with interleaved 

subcarrier mapping and localized subcarrier mapping. The figures show that the 

signals consist of three groups. The SC-FDM signal with interleaved subcarrier 

mapping is named SC-IFDM. The SC-LFDM is the SC-FDM signal with 

localized subcarrier mapping. When there is only one group in the signal, the 

signal is the SC-FDE modulation format. When the number of groups equals to 

IFFT size, the signal is very similar to OFDM modulation format. 

Compared with OFDM signal, the advantage of the proposed modulation 

format is the low PAPR. This thesis use numerical analysis to investigate the 

PAPR properties for SC-FDE and OFDM signals. Using Monte Carlo 

simulation, this thesis calculates the complementary cumulative distribution 

function (CCDF) of PAPR. The Pr(PAPR>PAPRo) is the probability that PAPR 

is higher than PAPRo [65, 66]. Figure 3-13 shows the CCDF curves of PAPR 

for SC-FDE, SC-IFDM, SC-LFDM, and OFDM. The SC-FDM transmitter uses 

square-root-raised-cosine filter with 0.05 roll-off factor. The results show that 

the SC-FDM signals have lower PAPR than OFDM signal. 

Since different modulation formats could be assigned to different group, 



45 
 

adaptive bit-loading technology can be also utilized in SC-FDM signals. Table 

3-1 shows the performance of different modulation formats. The property of 

SC-FDM signal that depend on the number of groups is between OFDM and 

single carrier signal. Compared with OFDM and single carrier, SC-FDM can 

adapt to different environments. If the system has serious uneven frequency 

response and good linearity, the system needs more groups. Otherwise, the 

system needs fewer groups. 

Different mapping methods also induce different system performances. 

Localized subcarrier mapping and interleave subcarrier mapping are used in 

this experiment. For the SC-LFDM signal, the modulation symbols for a single 

group are assigned to adjacent subcarriers. In the interleaved subcarrier 

mapping, the modulation symbols for a single group are separated evenly 

within the entire channel bandwidth. Because of the single group of SC-LFDM 

signal is centralized in frequency domain, the signal will get more benefit from 

adaptive bit-loading algorithm. For the SC-IFDM signal, a single group of 

signal is separated into the used bandwidth. Therefore, the SC-IFDM signal 

does not get much benefit after bit-loading algorithm. However, the advantage 

of the SC-IFDM signal is the lower PAPR compared with the SC-LFDM 

signal. 



46 
 

 

Figure 3-11 Block diagrams of proposed SC-FDM transmitter and receiver. 

 

 

Figure 3-12 The distributed and localized subcarrier mapping modes for 

SC-FDM signal with 3 groups. 
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Figure 3-13 Comparison of CCDF of PAPR for SC-FDE, SC-IFDM, 

SC-LFDM, and OFDM with 512 subcarriers. 

 

Table 3-1 The properties of different modulation format. 

Properties\Modulation Single 
Carrier 

OFDM SC-FDE SC-FDM 

PAPR Low High Low Middle 

Equalizer Complex Simple Simple Simple 

Transmitter Simple Middle Simple Complex 

Receiver Complex Simple Middle Middle 

Bit-loading No Yes No Yes 

I/Q Imbalance Time Frequency Frequency Frequency

3.3 Digital Signal Processing for System Impairments 

3.3.1 Adaptive Bit-loading Algorithm 

Since the 60-GHz communication systems suffers from uneven channel 

frequency response [26, 29], the system performance is dominated by the 
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subcarrier/group with poorest error performance. The adaptive power and bit 

loading for each subcarrier/group is a good solution to increase the overall 

system performance and total data-capacity with the same communication 

system [67-69]. The adaptive bit-loading algorithm could maximize total data 

throughput within a target BER. Due to the BER for each subcarrier is the 

function of SNR and modulation format, a suitable modulation format can be 

decided dependent on the SNR and target BER for different subcarrier/group. 

For example, the BER for a square M-ary QAM signal is shown in eq. (3-3). 

This equation could be rewritten as 

∙ _
∙√

.            (3-5) 

From this equation, the BER for a M-ary QAM single with SNR lower than the 

target BER can be obtained. Therefore, the total data throughput could be 

expressed as 

∑ ∑ ∙
          (3-6) 

where b is bits per symbol, n is the subcarrier/group index, N is total 

subcarriers/groups,  is the power for each subcarrier/group, and the 

 is the function of target BER. Then, the water-filling algorithm is 

used to find the optimal corresponding power weighting factor for each 

subcarrier to maximize data throughput. Because total power of a signal is 

fixed, this algorithm will provide more power for high SNR subcarrier/group to 

maximize data throughput as shown in Fig. 3-14. However, this algorithm may 

produce non-integer bit number per symbol. Therefore, the program will find 

rounding of integer bit number for this experiment. Finally, the optimized 
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signal is generated using the optimal results of the power weighting factor and 

modulation formats as shown in Fig. 3-15. 

 

 

 

Figure 3-14 The principle diagram of water filling algorithm. 

 

 

Figure 3-15 The principle diagram of adaptive bit-loading algorithm. 
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3.3.2 I/Q Imbalance Compensation Algorithm 

The I/Q data transmit over different paths to the mixer, resulting in 

amplitude mismatch and conjugate misalignment. These mismatches will 

significantly degrade the system performance. The possible origins of the 

amplitude mismatch can be the difference between the input powers of the I/Q 

signals, the different conversion loss of mixer of I/Q paths, and the imperfect 

splitting ratio of local oscillator (LO) between I/Q paths. Furthermore, 

conjugate misalignment arises from that the LO does not provide an exact 90o 

phase shift between the I and Q. The amplitude mismatch can cause signal 

distortion, and the conjugate misalignment causes interference between I and Q 

signals. These effects can be expressed analytically: 

∙ cos 2π sin 2π          (3-7) 

where a and  are the amplitude mismatch and the conjugate misalignment 

parameter, respectively. Figure 3-16 presents the concept of amplitude 

mismatch and conjugate misalignment. While Fig. 3-16 (a) exhibits the ideal 

constellation of a square 16-QAM signal, the amplitude mismatch results in 

unequal powers of the I/Q signals shown in Fig. 3-16 (b). Moreover, the 

conjugate misalignment leads an oblique constellation depicted in Fig. 3-16 (c). 

To solve the issue of I/Q imbalance, the Gram–Schmidt orthogonalization 

procedure (GSOP) is proposed [70], and the procedure consists of three key 

steps: 
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where rI(t) and rQ(t) are I/Q components of the received signal, and I(t) and 

Q(t) are the I/Q signals after GSOP processing. The other parameters are 

E ∙ , E , and E , where E ∙  denotes 

the expected value operator. Firstly, Eq. (3-8) indicates the normalization of the 

I signal. Then, minimizing the interference between the I/Q signals and 

normalizing the Q signal described by Eqs. (3-9) and (3-10) are adopted to 

obtain the balanced I/Q signals. These I/Q imbalance compensation algorithm 

in time domain can be used to reduce the imbalance effect. 

 However, each subcarrier has different imbalance coefficient especially for 

wideband signals. Therefore, it is difficult to maintain the I/Q balance at total 

subcarriers by using time domain compensation algorithm. Therefore, an 

adaptive I/Q imbalance compensation algorithm in frequency domain is needed 

to compensate the wideband signal [71-75]. As shown in Fig. 3-17, the 

amplitude and phase imbalance would contribute an additional interfering 

component at image frequency and induce signal performance degradation. The 

center frequency of the subcarrier at index –k exactly coincides with the image 

at the center frequency of the subcarrier at index k. The interfering components 

at image frequency will severely worsen the performance of the system. An 

adaptive I/Q imbalance compensating in frequency domain is proposed to 

remove I/Q imbalance for each subcarrier. While compensating the desired 

subcarrier, the influences on the image subcarrier should be eliminated. 

∗
′

∗ ′ ∗ ∙ ∗          (3-11) 
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This equation shows the I/Q imbalance effect in frequency domain, where x   

is input vector, C is imbalance coefficient vector, y is output vector with 

imbalance issue, and k denotes k-th frequency subcarrier. Since the I/Q 

imbalance is time invariant, the imbalance matrix is easy to be optimized by 

using training symbols. Compared with the input and output of training 

symbols, the imbalance matrix could be obtained. The inverse of imbalance 

matrix could be used to remove I/Q imbalance from received data. The 

recovered signal could be express as this equation,  

∗
′

∗ ′ ∗ ∙ ∗          (3-12) 

 

 

 

Figure 3-16 The principle diagram of Gram–Schmidt orthogonalization 

procedure (GSOP). 
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Figure 3-17 The effect of I/Q imbalance in frequency domain. 

3.4 Multiple-Input Multiple-Output 

The data throughput of communication system proportions to the 

bandwidth of wireless and the SNR. However, the bandwidth of wireless 

system is limited and it is hard to increase the SNR of a system. One of 

powerful techniques to improve data throughput is the MIMO technology. For 

the wireless communication system, the MIMO use multiple antennas at both 

the transmitter and receiver to improve system performance.  

 Figure 3-18 shows the principle of a MIMO technology [76, 77]. There are 

M transmitter antennas, and N receiving antennas. The xi is the transmit signal 

from transmitter antenna i and the yj is the receive signal from receiver antenna 

j. The H is the channel matrix. The hij is the channel response from transmitter 

antenna i to receiver antennal j. The signals from different transmitter antennas 

go through different path and are received by different receiver antennas. The 

received signal Y is written as 
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HX N       (3-13) 

Where H is the N by M channel matrix and N is the AWGN vector. 

The advantages of MIMO communication can be divided into three 

categories, beam-forming, spatial diversity and spatial multiplexing. The 

beam-forming technology is like a spatial filter. Based on control the phase and 

gain of each antenna which transmits identical waveform, the direction of 

antenna beam would change because of constructive or destructive 

interferences in different directions. Therefore, this technology could increase 

the gain of transmitter and receiver antenna and reduce the multipath fading 

effect from channel. 

 The purpose of spatial diversity is to enhance the quality of signal [77]. 

Since the signal may be reflected, scattered, refracted and even blocked on the 

way to the receiver, the signal suffered different fading effect at different 

frequency and time. Because each transmitter antenna locates in different 

position, the signal transmission path from each antenna is also different. Since 

multiple transmitter antennas will create different channels, the signal from 

different antenna has different channel response. If different transmitter 

antennas send relational signal, the signal can be recovered when one path is 

blocked. 

 One of the powerful techniques is spatial multiplexing [76]. The spatial 

multiplexing means that different transmitter antenna send different signal at 

the same frequency in the same time. The signals transmit over the wireless 

channel and received by the receiver antenna array. If multiple transmit signals 

can be recover in the receiver side after demodulation, the system capacity can 



55 
 

be improved by this technique. This thesis focuses on the spatial multiplexing. 

For the 2x2 MIMO scheme, the system could be express as this equation, 

y
y

h
h

h
h

x
x

n
n                (3-14) 

The transmitted signals could be recovered from received signals by multiply 

suitable matrix W. The target of W is to have highest quality of recovered 

signals. The recovered signal could be express as this equation,  

x
x W

y
y                      (3-15) 

The recover matrix W could be calculate form receiver signals and train signals 

and express as this equation, 

W
x
x

y
y                    (3-16) 

The channel matrix is very important in the MIMO system. From mathematics, 

the condition number of the matrix is a good parameter for analyzing system 

the performance. The condition number is: 

c                        (3-17) 

Where λ  and λ  are maximal and minimal singular value of matrix, 

respectively. The higher condition number means the recovery signal is 

susceptible to noise. The maximal condition number and minimal condition 

number are infinity and one, respectively.  

If channel matrix H equals to 1
0
0
1

, the system could be separated to two 

independent SISO system. If the signal power from each transmitter antenna is 

the same, the system have double data throughput. The condition number 

equals to one in this matrix. On the other case, the channel matrix H equals to 

1
1
0
0

. The condition number is infinity. The system could not find the recovery 
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matrix W and the data throughput equals zero. 

 

 

Figure 3-18 MxN MIMO channel model with M transmitter antennas and N 

receiver antennas. 

3.5 Summary 

This chapter introduces four digital modulation formats. The properties of 

these formats are shown in table 3-1. Single carrier signal has low PAPR, but 

easily suffer ISI. The OFDM signal robust to ISI, but has high PAPR issue. 

Therefore, the SC-FDE is proposed to provide easily equalization in frequency 

domain and reduce ISI by adding CP. However, the complex receiver is needed 

to demodulate signals. Moreover, the SC-FDE could not provide bit-loading for 

signal generation. Therefore, the SC-FDM is proposed to solve these problems. 

However, the SC-FDM system has complex transmitter and receiver. The 

adaptive bit-loading algorithm and I/Q imbalance compensation algorithm were 

investigated. The bit-loading algorithm could increase the total data-capacity 

with the same communication system by adjusting power and bits per symbol 



57 
 

for each subcarrier/group. The I/Q imbalance compensation algorithm could 

reduce the impairment of I/Q imbalance effect from non-ideal I/Q mixer. This 

chapter also introduces MIMO technology that could increase total data 

throughput by adding transmitter and receiver antennas. 
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Chapter 4  

OPTICAL I/Q UP-CONVERSION RADIO-OVER-FIBER 

SYSTEM 

4.1 Preface 

In the previous chapter, we have introduced RoF systems, digital 

modulation format, and digital signal processing. The generation of optical RF 

vector signals, using an external Mach–Zehnder modulator (MZM) based on 

double-sideband (DSB) modulation scheme have been demonstrated [42]. 

However, the DSB signal undergoes performance fading due to the fiber 

dispersion. Furthermore, to generate an RF vector signal in a high frequency 

band, an electrical mixer with a typical conversion loss of more than 8 dB is 

required to up-convert vector signals to an inter-medium or radio frequency, 

which degrades the performance of the up-converted RF vector signals, 

especially at the higher frequency. Recently, the generation of optical RF 

signals by all optical up-conversion has been extensively investigated [78-83]. 

However, the corresponding system requires at least two modulators to 

up-convert the in-phase (I) and quadrature phase (Q) signals, and occupies 

much more optical bandwidth than traditional DSB modulation schemes 

[80-83]. 

This investigation proposes a novel optical RF vector signal generation 

approach using optical up-conversion and studies its performance both 

numerically and experimentally. The advantage of this architecture is that it 

requires no electrical mixer with a typical conversion loss of more than 8 dB to 

generate the electrical vector RF signal. Furthermore, since the proposed 
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system generates only one un-modulated optical subcarrier and one modulated 

optical subcarrier, i.e. optical single sideband (SSB) format, the system does 

not suffer from RF fading. Since the generated optical signal has one 

modulated subcarrier and one un-modulated subcarrier, the proposed system 

can generate not only OOK signals but also PSK, QAM and OFDM signals. 

Additionally, the relative powers of un-modulated and modulated subcarriers 

can be easily tuned by adjusting the individual intensities of the electrical 

sinusoidal waves and data signals to optimize the performance of the RoF 

system. 

However, an important factor that significantly affects system performance 

is the precision of controlling the amplitude and phase of the input I/Q signals. 

Therefore, the I/Q imbalance compensation algorithm that compensates for the 

I/Q imbalance is proposed and demonstrated numerically and experimentally. 

With I/Q imbalance compensation, both simulation and experimental results 

verify a significant increase in the tolerance of both amplitude mismatching 

and conjugate misalignment. In this experiment, a 32.65-Gb/s bit-loading 

OFDM signal with I/Q imbalance compensation in frequency domain is 

generated, and the power penalty is negligible after 25km standard single-mode 

fiber transmission. 

4.2 The Concept of Proposed System 

Figure 4-1 schematically depicts the proposed frequency quadrupling 

system employing all-optical up-conversion. The proposed 60-GHz RoF 

transmitter consists of two dual-parallel MZMs for optical up-conversion and 

frequency quadrupling, respectively. For all-optical up-conversion, OFDM I 

and Q signals are sent to MZ-a and MZ-b of the first dual-parallel MZM, 
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respectively. Next, both MZ-a and MZ-b are biased at the null point to achieve 

high optical modulation depth and operate in the optical field linear region of 

MZM. Additionally, direct-detection vector signals are realized by inserting an 

optical subcarrier as a remote heterodyne scheme through the use of optical 

single side band modulation with carrier suppression [84]. The electrical 

sinusoidal signals which have 90o phase difference are sent to MZ-a and MZ-b 

of the first dual-parallel MZM, respectively. When MZ-c of the first 

dual-parallel MZM is biased at the quadrature point, the optical phase of LSB 

would be opposite between the output of MZ-a and MZ-b. The LSB will be 

cancelled and the USB is still obtained. Therefore, according to inset (a) of Fig. 

4-1, the generated optical vector signal consisting of an un-modulated 

subcarrier and an modulated subcarrier, which can be converted into electrical 

RF vector signals by square-law photo-diode (PD) detection, can be produced. 

Unfortunately, the bandwidth of typical dual-parallel MZM is less than 25GHz. 

The second dual-parallel MZM is needed to provide high frequency 

application. 

Next, the generated optical vector signal is up-converted by using the 

frequency quadrupling method [85] (inset (b) of Fig. 4-1). When the MZ-a and 

MZ-b of the second dual-parallel MZM are biased at full point, the optical 

phase of the odd order sidebands are suppressed. The electrical sinusoidal 

signals which have 90o phase difference are sent to MZ-a and MZ-b of the 

second dual-parallel MZM, respectively. When MZ-c of the second 

dual-parallel MZM is biased at the null point, the optical phase of the zero, 

fourth, etc order sidebands are opposite between the output of MZ-a and MZ-b. 

The pure second order sidebands could be obtained.  
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Following an interleaver to filter out the unwanted sideband, the proposed 

optical SSB signal is generated, as shown in inset (c) of Fig. 4-1. Notably, the 

relative intensity between the un-modulated and modulated subcarriers can be 

modifying by varying the individual power of the electrical sinusoidal and 

vector signals to optimize the performance of the optical RF signals [86]. 

 

Figure 4-1 Conceptual diagram of the 60-GHz RoF system using all-optical 

up-conversion. 

4.3 Theoretical Calculations and Simulation Results 

4.3.1 The Generated Optical Signal 

Figure 4-1 presents the proposed optical transmitter to generate a 

direct-detection wideband optical vector signal. For optical up-conversion, the 

optical field is modulated by an dual-parallel MZM, which consists of three 

sub-modulators: two sub-modulators for in-phase modulation (MZ-a) and 

quadrature-phase modulation (MZ-b), and another sub-modulator (MZ-c) for 



62 
 

controlling the phase difference between MZ-a and MZ-b. The optical field at 

the input of the dual-parallel modulator is given by cos , 

where  and  are the amplitude and angular frequency of the optical field, 

respectively. MZ-a and MZ-b are both biased at the null point, and MZ-c 

maintains a 90o phase shift between the output signals of MZ-a and MZ-b. The 

optical field at the output of the transmitter is given by 

sin cos sin sin            (4-1) 

where I(t) and Q(t) are the in-phase and quadrature-phase data of the vector 

signal, respectively. 

To realize the direct-detection optical vector signals, an un-modulated 

optical subcarrier is generated at , as shown in Fig. 4-1. Two 

sinusoidal waves with the same RF frequency ( ) but a 90o phase difference 

are sent to the MZ-a and MZ-b after being combined with the electrical I/Q 

signals. Since the bias points of MZ-a and MZ-b are set at the null point, one 

un-modulated optical subcarrier with carrier suppression is generated at the 

angular frequency of . The high-order terms and the interference 

between the un-modulated and modulated subcarriers caused by the nonlinear 

transfer function of an MZM can be neglected when the modulation depth is 

small. Accordingly, the optical field at the output of the transmitter can be 

approximated as, 

≅ sin cos sin sin        

2 cos 	   (4-2) 

where m is (V/2Vπ)π and V is the amplitude of electrical sinusoidal driving 

signal. From equation (4-2), the un-modulated subcarrier at  and 

modulated subcarrier at  will be obtained after first dual-parallel modulator. 
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For frequency quadrupling, the optical field at the input of the second 

modulator is cos . MZ-a and MZ-b are both biased at the 

maximum transmission point, and MZ-c maintains a 180o phase shift between 

the output signals of MZ-a and MZ-b. Two sinusoidal waves with the same RF 

frequency ( ) but a 90o phase difference are sent to the MZ-a and MZ-b. 

The optical field at the output of the MZ-a and MZ-b of second dual-parallel 

modulator are given by 

√
∙ ∙ cos                       

∑ ∙ cos∞ 2               (4-3) 

√
∙ ∙ cos                       

∑ ∙ cos∞ 2               (4-4) 

The high-order terms caused by the nonlinear transfer function of an MZM 

can be neglected when the modulation depth is small. Accordingly, the optical 

field at the output of the second dual-parallel modulator can be approximated 

as, 

√ √
                          

≅ ∙ cos	 2           (4-5) 

If the optical field at the input of the second modulator is , the 

optical field at the output of the second dual-parallel modulator can be express 

as 

∙ ∙ ∙ sin cos	 2            

∙ ∙ ∙ sin sin	 2            

2 ∙ ∙ ∙ cos	 2      (4-6) 

where m1 and m2 are the modulation index of first and second MZM, 
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respectively. From equation (4-2), Four subcarriers will be obtained after 

second dual-parallel modulator as shown inset (b) of Fig. 4-1. 

4.3.2 The Generated Electrical Signal 

First, we calculated generated electrical RF signal from equation (4-2). As 

determined by square-law photo-detection, the beating terms of the modulated 

and un-modulated signals generate the desired RF vector electrical signal at the 

frequency of , and can be expressed as, 

sin cos sin sin   (4-7) 

where R is the responsivity of the photodiode. Since the modulation depth is 

small, the equation can be further simplified as 

cos sin    (4-8) 

However, the I/Q data transmit over different paths to the modulator, 

resulting in amplitude mismatch and conjugate misalignment. These 

mismatches will significantly degrade the system performance. The possible 

origins of the amplitude mismatch can be the difference between the powers of 

the I/Q signals, the different Vπ of MZ-a and MZ-b, and the imperfect splitting 

ratio between MZ-a and MZ-b. Furthermore, conjugate misalignment arises 

from that the MZ-c does not provide an exact 90o phase shift between the 

output signals of MZ-a and MZ-b. The amplitude mismatch can cause signal 

distortion, and the conjugate misalignment causes interference between the I/Q 

signals as shown in Fig. 4-2. These effects can be expressed analytically: 

cos sin  (4-9) 

where a and  are the amplitude mismatch and the conjugate misalignment 

parameter, respectively. The GSOP algorithm which is based in time domain 
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can be used to reduce the imbalance effect [70], and it will be revealed by both 

the simulation and the experimental results. 

The VPI WDM-TransmissionMaker™ is used to simulate the effects of 

I/Q imbalance and the compensation using the GSOP. Figures 4-3 (a) and (b) 

present the simulation results concerning a QPSK signal. In our simulation, 3 

dB amplitude mismatch and 15° conjugate misalignment result in 3.2 dB and 

2.3 dB SNR degradation, respectively. The SNR is defined by 

SNR = –20 log (EVM/100%)                (4-10) 

where EVM is defined as the noise power from constellation over the signal 

power from constellation. The SNR degradations of ~0.6 dB and ~0.4 dB 

corresponding to 3 dB amplitude mismatch and 15° conjugate misalignment, 

respectively, are achieved by the GSOP compensation. Figures 4-4 (a) and (b) 

present the cases of 16-QAM signals. While 3 dB amplitude mismatch and 15° 

conjugate misalignment result in 8 dB and 6.4 dB SNR degradation, the 

degradation is suppressed to 0.6 dB and 0.9 dB by using the GSOP 

compensation, respectively. The results clearly reveal the criticality of the I/Q 

imbalance for the QPSK format and the 16-QAM format and the great 

performance improvement by the GSOP. The simulation results reveal that the 

GSOP can remove most penalties caused by the I/Q imbalance for different 

modulation formats. 

Second, we calculated generated electrical RF signal from equation (4-6). 

The individual square term of this equation will generate the baseband signal, 

and the cross terms will generate the RF signal. Since the modulation depth is 

small, these signals can be expressed as 

cos sin     



66 
 

                             

∙ cos 4 sin 4    

                             

∙ cos 4 sin 4    

 (4-11) 

The RF signal will generate at , 4 , and 4 . 

Since the RoF want to use low frequency components to generate high 

frequency RF signal, the desire frequency of generated RF signal is 4

. Moreover, the optical filter can be used to remove some of subcarriers 

that do not contribute for RoF system. Therefore, the filter will use to filter out 

optical subcarriers at 2  and 2  in experiment. 

The optical filed after filter can be expressed as 

∙ ∙ ∙ sin cos	 2           

∙ ∙ ∙ sin sin	 2            

2 ∙ ∙ ∙ cos	 2     (4-12) 

 



67 
 

 

Figure 4-2 Concept of proposed optical I/Q up-conversion system. 
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Figure 4-3 Simulation results of QPSK signal of amplitude mismatch and 

conjugate misalignment. 
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Figure 4-4 Simulation results of 16-QAM signal of amplitude mismatch and 

conjugate misalignment. 

4.3.3 Consider Dispersion Effect 

The dispersion will contribute different phase delay for different 

subcarriers. For optical I/Q up-conversion RoF system, the generation of only 
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one copy of the desired RF signal after photodiode could eliminate the 

possibility for fading. Therefore, dispersion does not induce RF fading problem 

in the proposed RoF system. 

4.4 Experimental Demonstration without Frequency Quadrupling 

4.4.1 Experiment Setup 

Figure 4-5 presents the experimental setup of the proposed system. Since 

the baseband QPSK and 16-QAM signals are complex, the real and imaginary 

parts are sent from channel one and channel two of a Tektronix® AWG7102 

arbitrary waveform generator (AWG). The sampling rate and the 

digital-to-analogue converter resolution of the AWG are 10 GHz and 8 bits, 

respectively. The QPSK and 16-QAM signal symbol rates are 2.5 GSymbol/s, 

as shown in inset (i) of Fig. 4-5. The data rate is 5 Gb/s for the QPSK signal 

and 10 Gb/s for the 16-QAM signal. To realize optical direct-detection, a new 

optical subcarrier is generated in one sideband at the frequency of 8 GHz 

higher than the original optical carrier. The generated photonic vector signal is 

then amplified using an EDFA and filtered through a 0.4 nm optical filter to 

suppress the ASE noise, as shown in inset (ii) of Fig. 4-5. An optical attenuator 

is used to set the optical launching power to be 0 dBm before transmission to 

prevent fiber nonlinearity. A 50km standard single-mode fiber is used to 

evaluate the transmission penalty of the system. Following square-law 

detection, an electrical 2.5GSymbol/s signal at 8 GHz is generated and 

captured by a Tektronix® DPO 71254 with a 50Gb/s sampling rate and a 3dB 

bandwidth of 12.5 GHz, as shown in the inset (ii) in Fig. 4-5. The off-line DSP 

program is used to demodulate the vector signal. The bit error rate (BER) 
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performance is calculated from the measured SNR. 
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Figure 4-5 Experimental setup of the proposed optical I/Q up-conversion 

system. 
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4.4.2 Results and Discussions 

Figure 4-6 and Fig. 4-7 present the experimental results obtained using 

GSOP compensation. Since the frequency response of AWG is uneven, the 

feedforward equalizer is used to reduce the ISI effect. The experimental results 

in Figs. 4-6 (a) and (b) reveal that 3 dB amplitude mismatch and 15° conjugate 

misalignment correspond to ~5.9 dB and ~3.6 dB SNR degradation, 

respectively. However, the GSOP greatly improves performance, such that 

SNR degradation becomes only 0.6 dB and 0.2 dB, respectively. Figures 4-7 (a) 

and (b) present experimental results concerning the 16-QAM signal, and the 

GSOP compensation can decrease the SNR degradation from 8.3 dB to 0.6 dB 

(from 6.6 dB to 0.6 dB) due to 3 dB amplitude mismatch (15° conjugate 

misalignment). The results also verify the criticality of the I/Q imbalance for 

both the QPSK format and the 16-QAM format. Because the spacing of 

16-QAM constellation points is closer than that of QPSK, the 16-QAM signal 

has more penalty than the QPSK signal with the same I/Q imbalance. 

Furthermore, the experimental results agree with the simulation results well. 

Figures 4-8 (a) and (b) plot the transmission BER curves of the QPSK and 

16-QAM signals with the GSOP compensation. For the QPSK signal, a 

receiver sensitivity of -17.2 dBm is achieved at a BER of 10-9 in the BTB case, 

and for the 16-QAM signal, the receiver sensitivity is -11.7 dBm in the BTB 

case. For both signals, the penalty at the BER of 10-9 is negligible following 

50km standard single-mode fiber transmission. The inserts in Fig. 4-8 present 

the constellation diagrams, and no obvious distortion is observed after fiber 

transmission. 
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Figure 4-6 Experimental results of QPSK signal of amplitude mismatch and 

conjugate misalignment. 
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Figure 4-7 Experimental results of 16-QAM signal of amplitude mismatch and 

conjugate misalignment. 



75 
 

-23 -22 -21 -20 -19 -18 -17 -16 -15 -14 -13
11
10

9
8
7

6

5

4

3

2

 

 

-L
og

 (
B

E
R

)

Received Power (dBm)

 BTB
 25km
 50km

-20-19-18-17-16-15-14-13-12-11-10 -9 -8 -7 -6 -5
11
10

9
8
7

6

5

4

3

 

 

-L
og

 (
B

E
R

)

Received Power (dBm)

 BTB
 25km
 50km

BTB

25km

BTB

25km

 

Figure 4-8 BER curves of (a) 5-Gb/s QPSK and (b) 10-Gb/s 16-QAM signals. 
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4.5 Experimental Demonstration with Frequency Quadrupling 

4.5.1 Experiment Setup 

Figure 4-9 shows the experimental setup of the 60-GHz OFDM RoF 

system employing all-optical up-conversion and frequency quadrupling 

technique. The light source is generated by a continue wave tunable laser. The 

optical power and wavelength of light source are 4dBm and 1550nm, 

respectively. The OFDM signals are generated by an AWG (Tektronix® 

AWG7122B) using a Matlab® software program. The sample rate and 

digital-to-analog converter resolution of AWG are 12 GHz and 8 bits, 

respectively. The IFFT length and CP of OFDM signal are 256 and 16, 

respectively. A 39.0625-MSym/s QAM symbol is encoded at 176 channels, 

with the remaining 80 channels set to zero. Therefore, an OFDM signal that 

occupies 7GHz bandwidth is generated. The real part and image part of OFDM 

signal are sent into MZ-a and MZ-b of first modulator, respectively. To realize 

the optical direct-detection OFDM signal, a new optical subcarrier is generated 

at the lower sideband of the original carrier by 12 GHz (inset (b) of Fig. 4-9). 

Notably, the undesired sideband suppress ratio is greater than 28 dB, which 

only slightly influences the performance of the generated OFDM signals. The 

generated optical direct detection OFDM signal is up-converted by using 

optical frequency quadrupling method. Then two copies of optical direct 

detection OFDM signal are generated with 48GHz separation. After a 50/100 

GHz optical interleaver, OFDM signal at 60 GHz with frequency quintupling is 

generated (inset (c) of Fig. 4-9). Notably, the transmission penalty of the 

system is evaluated using a 25-km standard single-mode fiber. 

At the remote antenna unit, square-law detection in a 70 GHz photodiode 
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was used to convert the optical signal into an electrical signal. The beating 

product of two subcarriers resulted in the desired 7 GHz-wide (57 – 64 GHz) 

OFDM signal centered at 60.5 GHz. After amplification in a low noise 

amplifier (LNA), the 60 GHz signal was fed into a standard gain horn antenna 

(gain ~ 23dBi) and radiated. After transmission over 3m wireless distances, the 

60 GHz signal was received by a second standard gain horn antenna and fed 

into a 60 GHz receiver where it was down-converted to an IF frequency of 5 

GHz as shown in insert (d) of Fig 4-9. The IF signal was captured by a 

real-time oscilloscope sampling at 50 GSamples/s (Tektronix® DPO71254) for 

offline signal processing and analysis. In addition to the standard OFDM signal 

decoding functions, the signal processing included adaptive bit-loading 

algorithm and I/Q imbalance compensation. The results were performed to 

compensate for the imbalance between I and Q signals in the I/Q mixer used at 

the RAU, owing to the large signal bandwidth (3.5 GHz at baseband) used. 
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Figure 4-9 Experimental setup of the 60-GHz RoF system using all-optical 

up-conversion. 

4.5.2 Results and Discussions 

Figure 4-10 shows the 16-QAM OFMD constellation diagrams before and 

after the one-tap equalizer in back-to-back (BTB) and following standard 

single-mode fiber transmission cases. Both the frequency response of various 

millimeter-wave components at 60 GHz and fiber dispersion are combated 

using the equalizer in OFDM transceiver. Since the proposed OFDM 
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transmitter can generate high-purity two-tone lightwave, the generated OFDM 

signals do not incur periodic fading due to fiber dispersion. Only in-band 

distortion of the OFDM-encoded subcarrier induced by fiber dispersion is 

considered. Since the symbol rate of each subcarrier is only 39.0625 MSym/s, 

the fiber chromatic penalty can be ignored. Figure 4-11 displays the BER 

curves of the 27.5-Gb/s 16-QAM OFDM signals using optimal OPRs after 

transmission exceeds 25-km standard single-mode fiber. The optimal OPR is 4 

dB, where the power of the un-modulated sideband is 4 dB higher than that that 

of the OFDM-modulated sideband. The sensitivity penalties due to the fiber 

transmission are negligible. The received optical power of −9 dBm was enough 

to achieve the forward error correction (FEC) error-free transmission. The 

output BER could be achieved 10-15 with 1x10-3 input BER by using FEC 

coding with 7% overhead and a net coding gain (NCG) of ~8.1dB [96]. 

Fig. 4-12 (a) and (b) illustrates the SNR and BER of 16-QAM OFDM 

signals versus different ratio of VPP between I and Q respectively. It is obvious 

that the performance of OFDM signals deteriorate as the amplitude ratio 

between I and Q increases. The I/Q imbalance compensation algorithm could 

reduce impairment of amplitude imbalance. Figure 4-13 shows the SNR versus 

subcarrier without and with I/Q imbalance compensation when the amplitude 

ratio between I and Q is 1.3. The lower subcarrier numbers have better 

performance. This is because amplifiers and MZMs at transmitter have worse 

performance at high frequency. Figure 4-14 (a) and (b) show the constellation 

diagrams at -6dBm optical received power without compensation and with 

compensation, respectively. 

Figure 4-15 (a) and (b) illustrates the SNR and BER of 16-QAM OFDM 



80 
 

signals versus phase difference between I and Q respectively. The performance 

of OFDM signals worsens as the difference phase between I and Q increases. 

With I/Q imbalance compensation in frequency domain, experimental results 

verify a significant increase in the tolerance of both amplitude mismatching 

and conjugate misalignment. Figure 4-16 shows the SNR curve versus 

subcarrier without and with compensation when the ratio of phase difference 

between I and Q is 9 degrees. Figure 4-17 (a) and (b) show the constellation 

diagrams at -6dBm optical received power without compensation and with 

compensation, respectively. After compensation, clearer constellations are 

obtained. Figure 4-18 illustrates the BER curves of 16-QAM OFDM signal 

without and with I/Q imbalance compensation. The BER has a little 

improvement after imbalance compensation.  

The electrical spectrum of the OFDM signal is shown in insert (d) of Fig 

4-9. This spectrum exhibits about 10-dB power deviation between the 

subcarriers caused by irregular frequency response of the system, and therefore, 

it resulted in high SNR deviation of 6 dB as shown in Fig. 4-16. To achieve 

higher data rate, the adaptive bit-loading algorithm was used to adjust the 

power and the format of each subcarrier. The adaptive bit-loading signals are 

generated according to the 16QAM OFDM signal at -6dBm optical received 

power without fiber transmission. One is generated before imbalance 

compensation and the other is generated after compensation.  

Figure 4-19 shows BER curves of bit-loading OFDM signal. This 

bit-loading OFDM single is generated before imbalance compensation. The 

total data rate is 31.37Gbps. The sensitivity penalties due to the fiber 

transmission are negligible. Figure 4-20 shows BER curves of bit-loading 
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OFDM signal that is generated after imbalance compensation. The total data 

rate is 32.38Gbps. The sensitivity penalties due to the fiber transmission are 

negligible. The total data throughput is increased 1 Gbps after I/Q imbalance 

compensation. Figure 4-21 shows the SNR versus subcarrier for the 32.38 Gb/s 

adaptive bit-loading OFDM signal with -6dBm optical received power. The 

performance of each subcarrier has improved. Figure 4-22 (a) and (b) show the 

constellation diagrams of 32.38Gbps bit-loading OFDM signal at -6dBm 

optical received power without compensation and with compensation, 

respectively. Since the adaptive bit-loading is used in this experiment, different 

subcarrier has different modulation format. The modulation format is depended 

on SNR of each subcarrier. After I/Q imbalance compensation, clear separation 

of constellation points confirms excellent signal transmission quality. 
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Figure 4-10 Constellations of the 16-QAM OFDM signals. 

(a) BTB w/o equalizer

(b) BTB w/ equalizer (c) 25km w/ equalizer
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Figure 4-11 BER curves of the 16-QAM OFDM signals. 
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Figure 4-12 The SNR and BER versus amplitude ratio between I and Q without 

and with I/Q imbalance compensation. 
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Figure 4-13 The SNR curves versus subcarrier number for OFDM signal with 

1.2 amplitude ratios. 

 

 

Figure 4-14 Constellations of the 16-QAM OFDM signals with 1.2 amplitude 

ratios. 
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Figure 4-15 The SNR and BER versus phase difference between I and Q 

without and with I/Q imbalance compensation. 
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Figure 4-16 The SNR curves versus subcarrier number for OFDM signal with 9 

degree phase difference. 

 

 

Figure 4-17 Constellations of the 16-QAM OFDM signals with 9 degree phase 

difference. 
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Figure 4-20 The BER curves of 32.38Gbps bit-loading OFDM signal with I/Q 

imbalance compensation. 
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Figure 4-21 The SNR curves versus subcarrier number for 32.38Gbps 

bit-loading OFDM signal. 
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Figure 4-22 Constellations of the 32.38Gbps bit-loading OFDM signal with 

-6dBm optical received power. 
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4.6 Summary 

This study proposes the generation of an RF vector signal using all optical 

I/Q up-conversion for direct detection. To eliminate the I/Q imbalance, the I/Q 

imbalance compensation algorithm in time domain approach is used to 

compensate for the amplitude mismatch and conjugate misalignment. 5 Gb/s 

QPSK and 10 Gb/s 16-QAM signals at 8 GHz are demonstrated in both the 

numerical simulation and the experiment. By applying GSOP, the SNR 

degradation of less than 2 dB (1 dB) is achieved for the QPSK (16-QAM) 

signals, as 3 dB amplitude mismatch or 15° conjugate misalignment is applied. 

Moreover, after transmission over 50-km standard single-mode fiber, a 

negligible power penalty is observed. 

By using all-optical up-conversion and frequency quintupling, we 

demonstrate 16-QAM OFDM signal generation and transmission with a 27.5 

Gb/s within 7-GHz license-free spectrum at 60 GHz band. Transmission over 

25-km standard single-mode fiber transmission with negligible penalty is 

achieved without any dispersion compensation. In order to resolve I/Q 

imbalance in 7-GHz band, the I/Q imbalance compensation in frequency 

domain is applied to compensate the amplitude and conjugate imbalance. After 

employing correction, a 32.38 Gb/s RoF signal at 60 GHz band signal is 

demonstrated. The total data throughput of OFDM signal with adaptive 

bit-loading algorithm is improved from 31.37Gbps to 32.38Gbps. After 

transmission over 25-km standard single-mode fiber, negligible penalty is 

achieved without any dispersion compensation. 
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Chapter 5  

ELECTRICAL I/Q UP-CONVERSION 

RADIO-OVER-FIBER SYSTEM 

5.1 Preface 

Complex RoF system architectures for radio-frequency (RF) signal 

generation and transmission are proposed in the last chapter. However, it is 

imperative that the employed RoF links are as simple as possible to reduce 

costs, while providing the needed performance. This is especially true for 

certain applications such as in-building systems, where certain performance 

offered by complex RoF systems are not even required. For example fiber 

spans in most in-building applications are typically less than 500 m [87]. 

Therefore, in-building RoF systems for 60 GHz do not need the fiber chromatic 

dispersion tolerance for tens of kilometers that complex systems boast of. In 

this chapter we propose a simple RoF system architecture for transporting and 

generating wideband signals at 60 GHz, and investigate its performance 

theoretically and experimentally. This RoF system uses only one 

single-electrode Mach-Zehnder modulator (MZM) which is the same as the one 

used in DSB and DSBCS modulation schemes with bandwidth no more than 

35.5-GHz. This work presents a novel method for optical RF signal generation 

using the DSBCS modulation scheme that can carry vector signals. A frequency 

multiplication scheme is adopted to reduce the bandwidth requirements of 

electrical components, which is an important issue for ROF systems at 

millimeter-wave range. 

We experimentally demonstrate the successful use of the simple RoF 
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system to deliver a 40-Gb/s wireless signal at 60 GHz. The signal occupied the 

full 7-GHz license-free spectrum at the 60-GHz band. Remote frequency 

up-conversion from the intermediate frequency (IF) to 60 GHz was achieved 

by employing a system configuration that used a 35.5-GHz local oscillator (LO) 

signal, which was transported alongside the signal. This enabled high-quality 

signal transmission over extended fiber lengths exceeding 3 km without any 

fiber dispersion compensation. The RoF link included a wireless transmission 

distance of 10 m. 

5.2 The Concept of Proposed System 

Figure 5-1 schematically depicts the concept of the proposed RoF system. 

The MZM driving signal consists of an vector signal at a frequency of f1 and a 

sinusoidal LO signal with a frequency of f2, as indicated in insets (i)-(iii) of Fig. 

5-1. The frequency, f1+f2 of the LO signal is half the desired mm-wave 

frequency of operation. To achieve the double sideband with carrier 

suppression (DSBCS) modulation scheme, the MZM is biased at the null point 

to suppress the optical carrier. Inset (iv) of Fig. 5-1 shows the generated optical 

vector signal and LO spectrum that has two upper-wavelength sidebands 

(USB1 and USB2) and two lower-wavelength sidebands (LSB1 and LSB2) 

with carrier suppression at the output of the MZM. After square-law photo 

detection, the generated photocurrent can be written as 

I ∝ USB1 USB2 LSB1 LSB2            (5.1) 

Expanding the above equation produces the following terms: 

BaseBand ∝ USB1 USB2 LSB1 LSB2       (5.2) 

Signal at the sum frequency ∝ 

          USB1 LSB2 USB2 LSB1               (5.3) 
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Signal at the frequency difference ∝ 

USB1 USB2 LSB1 LSB2               (5.4) 

Beat noise ∝ 

USB1 LSB1 USB2 LSB2               (5.5) 

The beating terms of USB1 × LSB2 and USB2 × LSB1 generate the 

desired electrical vector signals at the sum frequency (f2+f1). The beating terms 

of USB1 × USB2 and LSB1 × LSB2 generate electrical vector signals at the 

frequency difference (f2-f1), which are well below the desired mm-wave 

frequency band and are filtered off prior to wireless transmission. Notably, a 

frequency multiplication can be achieved by properly choosing frequencies f1 

and f2. This reduces the bandwidth requirements of the RoF transmitter 

allowing for the use of low-frequency electrical and optical components, 

including the MZM (< 40 GHz), which are readily available and have very 

good performance (e.g. flat frequency response). 

In this chapter, the target sum frequency is 60 GHz. Two main issues will 

be crucial to the system performance and will be explained in details in 

following sections. First, the RF fading issue, as shown in the equation (5.12), 

comes from the interaction between the two copies of the desired signals, 

which are generated at the photodiode, namely USB1 × LSB2 and USB2 × 

LSB1. After fiber transmission, the relative phase between the two generated 

RF signals will change with transmitted distance owing to the slight difference 

in the propagation speeds of the two sideband pairs induced by fiber chromatic 

dispersion. As the relative phase reaches 180°, the electrical RF signal will 

vanish. This is the RF fading problem. The second issue comes from the beat 

noise of two vector signals USB1 × LSB1. If the center frequency of vector 
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signals is not properly chosen, the beat noise will fall into the signal band and 

severely degrade the system performance. 

 

Figure 5-1 The proposed RoF system based on a single-electrode MZM. 

5.3 Theoretical Calculations and Simulation Results 

5.3.1 The Generated Optical Signal 

In this section, we present a theoretical basis of the proposed mm-wave 

generation and transmission system. The concept behind the generation of the 

60-GHz wireless signal is shown in Fig. 5-1, where only one single-electrode 

MZM is utilized. The optical field at the input of the single-electrode MZM is 

given by cos	 , where  and  are the amplitude and 

angular frequency of the optical field, respectively. The driving RF signal V(t) 

consisting of two signals at different frequencies MZM is 

cos cos	 , where V1 and V2 are the signal amplitudes 

at frequency ω1 and ω2, respectively. To simplify the analysis, the power 
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splitting ratio of the MZM is set as 0.5. In order to suppress the undesired 

optical carrier, the single-electrode MZM is biased at the null point. The optical 

field at the output of the MZM is then given by 

E ∙ cos ∙ cos ∙ ∙ cos ∙ cos  (5.6) 

Using Bessel function expansion, the output optical field at the output of the 

MZM can be rewritten as 

0 2 1 1 1
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        (5.7) 

where m1 and m2 are the modulation indices defined as  and , 

respectively. Jn() is the nth order Bessel function of the first kind. For a small 

modulation index the magnitude of Bessel function of the first kind is 

proportional to the order of the function. As shown in the Fig. 5-2, when the 

modulation index is small, the output optical field can be further simplified to 

0 2 1 1 1

0 1 1 2 2

( ) { ( ) ( ) cos[( ) ]

                  ( ) ( ) cos[( ) ]}.
out o c

c

E t E J m J m t

J m J m t

 
 

   

  
     (5.8) 
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Figure 5-2 The magnitude of Bessel functions versus different RF modulation 

index. 

5.3.2 The Generated Electrical Signal 

After square-law photo detection the photocurrent of the mm-wave at 

frequency of ω1 + ω2 can be expressed as 

1 2

2
0 1 0 2 1 1 1 2( ) ( ) ( ) ( ),oi R E J m J m J m J m               (5.9) 

where R is the responsivity of photodiode. 

When optical RF signals are transmitted over a standard single-mode fiber 

with dispersion, a phase shift to each optical sideband relative to optical carrier 

is induced by fiber dispersion. The propagation constant of fiber can be 

expressed as [47] 

2
0 1 2

1
( ) ( ) ( ) ( ) ,

2c cn
c

                 
    

(5.10) 
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where ( )
c

m m
m d d

 
  


  is the derivative of the propagation constant 

evaluated at c  . To simplify the analysis, the effect of high order fiber 

dispersion (i.e. 3rd order and higher) at 1550-nm band is neglected. For carrier 

tones with central frequency at c RFn    , we have 

2 2
0 1 2

1
( ) ( ) ( )

2c RF c RF c RFn n n              and, 

2
2 ( ) ( 2 ) D( )c c cc f       where c is light speed in free space, D is the 

chromatic dispersion parameter, and fc is the frequency of the optical carrier. 

For a standard single-mode fiber, D is 17-ps/(nm.km). Therefore, after 

transmission over a standard single-mode fiber of length z, the electrical field 

can be written as 
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        (5.11) 

After square-law photo detection, the photocurrent at the frequency of can 

be expressed as 

  
1 2

2
0 1 0 2 1 1 1 2

2 2
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1
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2
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       (5.12) 

Due to fiber dispersion effect, the RF fading issue would be observed. The 

RF signal power is related to 2 2
2 2 1

1
cos[ ( )]

2
z   . Therefore, the RF fading 

issue would become serious when the magnitude of sum frequency (f2+f1) and 

frequency difference (f2-f1) become large. 

For 60-GHz applications, the sum frequency (f2+f1) is fixed at 60.5 GHz, 
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and the frequency difference (f2-f1) will dictate the performance of RF fading. 

As shown in the Fig. 5-3, when the frequency difference increases, the RF 

power will drop off rapidly due to the fading effect. For frequency differences 

of 10 GHz and 40 GHz, the first deep appears following 6 and 1.6-km fiber 

transmission, respectively. The smaller frequency difference not only results in 

a longer fiber transmission distance, but it also reduces the bandwidth 

requirements of the transmitter. 
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Figure 5-3 Simulated RF power of the generated mm-wave signal versus 

standard single-mode fiber length for various input frequency differences (i.e. 

f2 - f1). 

5.3.3 Beat Noise in Proposed System 

The smaller frequency difference would bring many benefits to the 

proposed system. However, the drawback of a small frequency difference is the 

risk of having beat noise interference. For example, if we choose 5.5 GHz as 
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the frequency difference, and set the input frequencies at　  = 33 GHz and 

 = 27.5 GHz, then with 7-GHz signal bandwidth, the driving data will 

occupy frequencies from 24 to 31 GHz. As a result the beat noise (i.e. USB1 × 

LSB1) will fill the band from 48 to 62 GHz. Since the generated vector signal 

will fill the band from 57 to 64 GHz, the beat noise will fall in-band as shown 

in Fig. 5-4 (a), resulting in the possibility for severe system performance 

degradation. It is therefore necessary to choose proper frequencies of the input 

signals in the design process in order to avoid beat-noise induced system 

performance degradation. A good example is shown in Fig. 5-4 (b), where a 

frequency difference of 15.5 GHz is chosen, resulting in the beat noise 

occupying the band from 38 to 52 GHz and causing no interference. 

Therefore, there are tradeoffs between RF fading and beat noise 

interference. In the following analysis, we will choose the lowest possible 

frequency difference without causing any beat noise interference. With a target 

signal bandwidth of 7 GHz and center frequency of 60.5 GHz, we have 

1 2

1

60.5 GHz

2( 3.5) 60.5 3.5 57 GHz

f f

f

 
    

          (5.13) 

This leads to a frequency difference equal to 10.5 GHz and input signal 

frequencies f1 = 25 GHz and f2 = 35.5 GHz, respectively. In this case the beat 

noise falls just outside the desired signal band, as shown in Fig. 5-4 (c). With 

the chosen frequency parameters, we can calculate the RF fading performance.  

Figure 5-5 (a) shows the RF power of the mm-wave signals generated 

between 57-64 GHz plotted against frequency. The line and circle represent 

theoretical results obtained using the model in equation (5.12) and VPI 

WDM-TransmissionMaker simulation results, respectively. It can be seen that 
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RF fading is negligible over the whole 7-GHz spectrum for fiber spans up to 1 

km. Beyond 1 km, frequencies in the lower part of the spectrum begin to 

experience increasing attenuation because they are generated from larger 

frequency differences. After 4 km of fiber transmission, the attenuation 

increases to 14 dB at 57 GHz and only 3 dB at 64 GHz. Nonetheless, for 

typical indoor applications, 2 to 3 km is more than enough. On the other hand, 

if longer fiber transmission distances are needed, then any one of the four 

optical sidebands (see Fig. 5-1) may be filtered off to eliminate fading. To 

compare the fading length of the proposed system to that of a DSB 

intensity-modulation direct detection (IMDD) transmission system, we plot the 

calculated and the simulated (VPI WDM-TransmissionMaker) fading (signal 

power) as a function of frequency. As Fig. 5-5 (b) shows, the first deep (total 

fading) at 60.5 GHz occurs after just 1 km of standard single-mode fiber 

transmission in the case of the DSB IMDD RoF system. Therefore, compared 

with the DSB IMDD RoF system, the proposed system offers superior 

transmission performance and more flexible system design. 
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Figure 5-4 Beat noise interference in the proposed system and how to keep it 

from degrading system performance: (a) beat signal falls inside the desired 

band, (b) beat signal is far away from desired band, and (c) beat noise is just 

outside the desired frequency band. 
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Figure 5-5 Simulations results of RF fading at 60 GHZ band versus different 

transmission length, (a) proposed system, (b) double side band modulation 

format. 

 

 



104 
 

5.4 Experimental Demonstration of Proposed System 

In 5.4, the experimental demonstration could separate into two parts. One 

is the SISO system, the other is MIMO system. Two modulation formats are 

demonstrated in the SISO system, including the OFDM (5.4.1-5.4.2) and the 

single carrier signals (5.4.3-5.4.4). From the results of the SISO system, the 

SC-FDE signal performs the best performance. Therefore, the MIMO system is 

demonstrated with the SC-FDE signal (5.4.5-5.4.6). 

5.4.1 Experimental Setup for SISO System 

Fig. 5-6 depicts the experimental setup of the electrical I/Q up-conversion 

RoF system. Due to the bandwidth limitation of the arbitrary waveform 

generator (AWG) located at the Head-End Unit (HEU), two 3.5-GHz-wide 

signals (I and Q) were generated using a Matlab® program. An electrical I/Q 

mixer was used to up-convert the baseband OFDM signals to a 7 GHz-wide 

signal centered at 25 GHz as shown in inset (i) in Fig. 5-6. The resolution of 

the digital-to-analogue converter of the AWG was set to 8 bits. The digital to 

analog converter (DAC) sampling rate was 12 GSample/s. The inverse fast 

Fourier transform (IFFT) length was 128, resulting in a subcarrier symbol rate 

of 93.75 MSymbol/s. Therefore, with a total of 74 sub-carriers and bit loading 

modulation on each sub-carrier, the combined data rate of the 7-GHz-wide 

OFDM signal at the output of the electrical mixer was 40 Gb/s. The signal was 

then combined with a 35.5-GHz LO signal generated by a signal generator. The 

composite signal was then used to drive a single-electrode MZM specified for 

40-Gb/s data transmission with 0-dBm driving power. The optical signal source 

was a distributed feedback (DFB) laser emitting +10.5 dBm optical power at 

1550-nm wavelength. The continuous wave (CW) optical signal was fed into 
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the MZM, where it was modulated by the combined OFDM and LO signals. 

The MZM modulator was biased at the point of minimum transmission in order 

to suppress the optical carrier. Therefore, the optical signal exiting the MZM 

comprised a total of four sidebands-two un-modulated subcarriers at fo±35.5 

GHz and two OFDM-modulated subcarriers at fo±25 GHz, where fo is the 

optical carrier frequency, as shown in inset (ii) in Fig. 5-6. 

One of the advantages of the proposed system is that the relative intensity 

between the un-modulated optical sidebands and the OFDM-modulated 

sidebands can be tuned easily by independently adjusting the amplitudes of the 

two input signals (RF) to optimize system performance. The optical signal was 

then amplified by an Erbium Doped Fiber Amplifier (EDFA) with a noise 

figure of 4 dB. After the EDFA, an optical band-pass filter with a 3-dB 

bandwidth of 3 nm was used to suppress the amplified spontaneous emission 

(ASE) noise. The optical signal was then transmitted to a Remote Antenna Unit 

(RAU) connected by standard single-mode fibers of different lengths. At the 

RAU, the OFDM signal at 25 GHz was up-converted to 60.5 GHz through 

square-law photo-detection (mixing with the remotely transmitted 35.5-GHz 

LO signal) in the 67-GHz photodiode. The generated electrical power is -39.3 

dBm with -5-dBm receiving optical power. Therefore, the E/O and O/E 

conversion loss of the proposed RoF link was about 39.3 dB. Since the OFDM 

signal at 25 GHz was 7 GHz wide, the signal generated at the RAU was also 7 

GHz wide, occupying the full spectrum at the 60-GHz band specified by the 

FCC (57-64 GHz). The OFDM signal was then amplified by a low noise 

amplifier (LNA) with 39-dB gain, and the power of the amplified OFDM 

signal was -0.3 dBm. After the LNA, the 60-GHz OFDM signal was fed into a 
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rectangular waveguide-based standard gain horn antenna with about 23-dBi 

gain, and transmitted over 3-m wireless distance. After transmission over the 

air, the 60-GHz signal was received by another standard gain horn antenna 

(23-dBi) with -33.1 dBm received power. Therefore, the estimated path loss of 

the wireless transmission is about 77.8 dB. Then, the received signals was 

amplified with an LNA (gain = 39 dB), and passed on to the 60-GHz 

down-converter. The 60-GHz down-converter consisted of a mixer driven by a 

56-GHz LO, as shown in Fig. 5-6. Therefore, the received OFDM signal at 

60.5 GHz was down-converted to an IF of 4.5 GHz as shown in insert (iii) of 

Fig. 5-6. The IF was chosen so as to maintain the 7 GHz wide spectrum of the 

received OFDM signal. The waveforms of the down-converted OFDM signals 

were captured by a real-time oscilloscope with a 40-GSample/s sampling rate 

and a 3-dB bandwidth of 13 GHz for off-line signal processing and analysis. 

An off-line Matlab® digital signal processing program was employed to 

demodulate the OFDM signal. The demodulation process included I/Q 

down-conversion, synchronization, fast Fourier transform (FFT) calculation, 

one-tap equalization, and BER estimation. 
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Figure 5-6 Experimental setup of the proposed RoF system. 

 

5.4.2 Results and Discussions for OFDM Signal 

First, we measured the performance of the system using OFDM signal with 

QPSK modulation formats for each subcarrier. To avoid the effects of I/Q 

imbalance, the system use a 3.5GHz-wide OFDM signal and one electrical 

double balance mixer to generate 7GHz-wide OFDM signal. The 

3.5-GHz-wide OFDM signal that was generated using Matlab® program had 37 

sub-carriers. It was then up-convert to 25 GHz using an electrical mixer. Both 

sidebands of the up-converted OFDM signal were retained for transmission in 

order to emulate a 7-GHz-wide OFDM signal. Since the OFDM subcarriers 

were transmitted independently (un-correlated), and demodulated 

independently at the receiver, the total bit-rate of the 7-GHz-wide OFDM 

signal was double that of the baseband OFDM signal generated by the AWG.  

The wireless transmission distance is fix in 3m. Fig. 5-7 shows the bit error rate 

(BER) curves for the received 13.875-Gb/s QPSK OFDM signal. The BER was 
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estimated from the measured error vector magnitude (EVM), which is defined 

as: 

   EVM ∑| | ∑| |⁄ 100%             (5.14) 

where SIdeal and SMeasure are the ideal and the measured constellation points, 

respectively. For QPSK signal, the BER is related to EVM by 

      BER Q 1/EVM                     (5.15) 

where Q[.] is the Gaussian co-error function. Generally, this function assumes 

that the noise is Additive White Gaussian Noise (AWGN).  

Figure 5-7 shows that as fiber transmission length increased, the system 

sensitivity decreased. For back-to-back (BTB), 500-m, and 1-km transmission 

distances, the sensitivity was the same and equals to -13 dBm for a BER of 

1x10-3. After 2 km and 3 km of fiber transmission, there was a small penalty of 

about 1 dB and 1.5 dB, respectively, at the BER of 1x10-3. However, after 5 km 

of fiber transmission, the signal was severely corrupted with the BER greater 

than 1x10-3. Fig. 5-8 shows the electrical spectrum of the down-converted 

OFDM signal. It can be seen from the figure that the bandwidth of the 

down-converted OFDM signal was 7-GHz wide. The spectrum also shows a 

peak at 4.5 GHz, which is the residual signal from the 25-GHz LO used to 

up-convert the baseband OFDM signal to 25 GHz back at the HEU. The 

progression of the chromatic-dispersion-induced fading as the fiber 

transmission distance becomes larger can also be seen in Fig. 5-8. It was 

observed that lower frequency components faded quicker and deeper, just as 

predicted by the theoretical analysis presented in 5.3.2. The reason for the 

quicker/greater fading at the lower frequency components is because the lower 

frequency components are generated by larger frequency differences of the two 
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electrical input signals at the HEU, as shown in Fig. 5-9. For the DSB 

modulation schemes, the result is different from the proposed system, as shown 

in Fig. 5-10. It was observed that higher frequency components faded quicker 

and deeper for the DSB modulation. The reason is that the fading issue is 

proportional to frequency for DSB modulation. The proposed system has 1dB 

power penalty with -2dBr normalize power at 57 GHz after 2 km fiber 

transmission. Compared with the DSB modulation scheme, the DSB system 

has -2dBr normalize power at 64 GHz after 400 m fiber transmission. Fig. 5-11 

shows the constellation diagrams of the demodulated OFDM signals for 

different fiber transmission lengths with the wireless transmission distance 

fixed at 3 m. Very clear constellation diagrams were observed until the fiber 

length exceeded 3 km. The total data rate of the signal was 13.875 Gb/s. The 

detected optical power corresponding to the constellation diagrams was -10 

dBm. For the BTB case, the calculated EVM was 17.7 %. However, lower 

EVM values up to 16 % were obtained at higher received optical powers. The 

clean constellation diagram in Fig. 5-11 (a) confirms the excellent performance 

of the RoF system in generating and transmitting high quality wideband OFDM 

signals at 60 GHz both over optical fiber and wireless distance. It also shows 

the potential of the system for operating at a bit-rate higher than 13.875 Gb/s 

by using modulation formats of higher order than QPSK (e.g. 8-QAM). 

To further investigate the impact of RF fading on signal quality, the SNR of 

each of the 74 sub-carriers making up the OFDM signal was calculated for 

different fiber transmission distances, using 

   SNR 20 ∙ log EVM/100% .          (5.16) 

The result is shown in Fig. 5-12. The higher subcarrier number corresponds 
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to higher subcarrier frequency (i.e. sub-carrier number 74 is around 64 GHz 

before down-conversion). It was observed that the SNR of the individual 

sub-carriers remained the same for BTB, 0.5 km, and 1 km of fiber 

transmission distances. However, for fiber spans longer than 1 km, a drop in 

the SNR of the sub-carriers at the lower end of the spectrum was observed. For 

example, after 3 km of fiber transmission, the SNR of the 1st and the 74th 

subcarriers dropped by 4 dB and 1 dB, respectively, with respect to their 

respective BTB SNRs. This result is consistent with the theoretical analysis 

presented in 5.3.2, which showed that sub-carriers at the lower frequencies 

suffered worse RF fading leading to a reduced average SNR. 

To investigate the performance of the RoF system without wireless 

transmission, the OFDM signal generated at the RAU was immediately 

down-converted to the same IF frequency as before (i.e. 4.5 GHz). Just like 

before, the optical signal was transmitted over different lengths of standard 

single-mode fiber. The result is given in Fig. 5-13, where the estimated BER is 

plotted against the optical signal power. Once again, the performance of the 

RoF system with BTB, 500 m and 1 km of fiber transmission remained the 

same. This means that, just like in the case with wireless transmission, the 

system suffered no penalty due to fiber chromatic dispersion up to 1-km fiber 

transmission. For fiber transmission distances of 2 km and 3 km, there was a 

penalty of 1 dB, and 1.5 dB, respectively at a BERs equal to 1x10-3. A larger 

penalty was observed after transmission over 4 km of standard single-mode 

fiber. These results are similar to the ones obtained in the case of the system 

with wireless transmission discussed above. The difference in the sensitivities 

of the two systems (with and without wireless transmission, i.e. Fig. 5-7 and 
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Fig. 5-13, respectively) is about 1 dB. This is attributed to the presence of an 

extra LNA amplifier required in the wireless receiver (i.e. in the case of the 

system with wireless transmission).  

Figure 5-12 also shows that the SNR performance depends on the location 

of subcarrier. The reasons are because the 60-GHz components have uneven 

frequency response and different frequency has different fading issue. 

Therefore, the dynamic bit loading is proposed to mitigate the 

chromatic-induced penalties. Moreover, since the 60-GHz components have 

uneven frequency response, the performance of the OFDM-modulated RoF 

system is dominated by the subcarriers with poorest error performance (i.e., 

having the lowest SNR). The adaptive power and bit allocation for each 

subcarrier is a good solution to increase the overall system performance and 

data rate with the same signal performance. 

Note that the system use a 3.5GHz-wide OFDM signal and one electrical 

double balance mixer to generate 7GHz-wide OFDM signal. However, the 

system can only emulate the signal that both sidebands are symmetrical signal. 

In order to realize adaptive loading algorithm in proposed system, the 

experimental setup needs an electrical I/Q mixer.  

Since I and Q data go through different paths, the amplitude and phase 

need to optimal in this experimental setup. Because each subcarrier has 

different optimal condition, the system would get very different constellation 

when optimized at different frequency. Figure 5-14 shows the SNR versus 

subcarrier number with different optimal frequency. These three lines are 

optimized at 0.56, 1.5, and 3.5 GHz, respectively. The result shows the 

wideband system has serious I/Q imbalance issue. Therefore, the I/Q imbalance 
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correction algorithm is needed in the proposed system. Figure 5-15 shows the 

QPSK signal with I/Q compensation. After I/Q compensation, these three lines 

which are optimized at different frequency have almost the same SNR curve. 

Figure 5-16 shows the experimental result for adaptive loading algorithm 

without I/Q imbalance compensation. The experimental setup is optimized at 

3.5 GHz. 8-QAM, 16-QAM, and 32-QAM formats were utilized based on the 

corresponding SNR of each subcarrier. By using adaptive loading algorithm, 

the experiment demonstrates OFDM signal generation and transmission with 

31.4 Gbps within 7-GHz license-free spectrum at 60 GHz band. The BER is 3.7 

x10-4, which is below the FEC error-free transmission threshold. 

Figure 5-17 shows the optical receiver sensitivity for the 41.4 Gb/s OFDM 

signal recovered after transmission over various fiber spans and 3 m wireless 

transmission distance. For the back-to-back (BTB), and 1 km fiber transmission 

cases, a received optical power of at least −2 dBm was needed to achieve a 

maximum BER of 9x10−4, which is below the forward-error-correction (FEC) 

error-free transmission threshold. Note that bit-loading and I/Q imbalance 

parameters were optimized during the BTB case (received optical power = −1.5 

dBm), and kept constant during all the sensitivity measurements. 

Figure 5-18 presents the BER as a function of the received RF power (after 

wireless transmission) for different wireless transmission distances and a bit 

rate of 40 Gb/s. The system was optimized at −37 dBm received RF power for 

10 m case. As seen in Fig. 5-18, the received RF power of −38 dBm was 

enough to achieve the FEC error-free transmission for all the investigated 

wireless transmission distances. 



113 
 

Figure 5-19 the maximum achievable bit rate as a function of fiber 

transmission distance. The received optical and RF power were fixed at −1.5 

and -2 dBm, respectively. The wireless transmission distance is fixed at 3 m. 

For the case with 5km fiber transmission, a significant number of subcarriers 

have power fading of more than 15 dB and could not meet the FEC limit (even 

for QPSK format). As a result, the overall system BER exceeded the FEC limit 

with adaptive loading OFDM signal. The data-rate of 19.69 Gbps was achieved 

after 5km fiber transmission. 

Fig. 5-20 shows the maximum achievable bit rate as a function of received 

RF power for the optical BTB case. The received optical power was fixed at 

−1.5 dBm and wireless transmission distance at 3 m. For each received RF 

power, bit-loading and I/Q imbalance compensation parameters were optimized 

to achieve the maximum data rate. More than 40 Gb/s data rate was achieved 

when the received RF power was larger than −41 dBm, allowing a considerably 

large margin for extending the wireless transmission distance. In Fig. 5-21, the 

maximum achievable bit rate at each wireless transmission distance is shown. It 

was observed that the maximum bit rate ranged from 41.4 Gb/s at 2 wireless 

distance to 40 Gb/s at 10 m. In this measurement, the received optical power 

and received RF power were fixed at −1.5 dBm and −37 dBm, respectively. 

Figure 5-22 shows the impact of I/Q imbalance compensation on the 

performance of the RoF system. A significant improvement in the SNR of the 

OFDM sub-carriers to the left of Fig. 5-22 (lower frequency), as a result of I/Q 

imbalance compensation can clearly be seen. It is this improvement in 

sub-carrier SNR that leads to the significant increase in data capacity observed. 
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Finally, Fig. 5-23 shows the constellation diagrams of the demodulated 

signal at 40 Gb/s after 10 m wireless signal transmission, with the received RF 

and optical powers set at −37 dBm and −1.5 dBm, respectively. Clear 

separation of constellation points confirms excellent signal transmission 

quality. 
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Figure 5-7 BER curves of 13.875-Gb/s QPSK OFDM signal after transmission 

over the RoF system including 3 m wireless distance. 
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(a) BTB (b) 0.5 km (c) 1 km

(d) 2 km (e) 3 km (f) 4 km

(g) 5 km  

Figure 5-11 Constellations of QPSK OFDM signals. 
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Figure 5-12 SNR versus different subcarrier for different standard single-mode 

fiber transmission length. 
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Figure 5-13 BER curves of 13.875-Gb/s QPSK OFDM signal without wireless 

transmission. 
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Figure 5-14 SNR versus different subcarrier for different optimized frequency. 



 

Fig
 

F

5

10

15

20

25
S

N
R

(d
B

)

gure 5-15 S

Figure 5-16

0 10

SNR versus

6 SNR and

0 20
Sub

O
O
O

s different 

d data form

bit-lo

119 

30 40

 

bcarrier N

Optimized a
Optimized a
Optimized a

subcarrier 

mat versus d

ading algo

50 6
Number

at 0.56GHz
at 1.50GHz
at 3.50GHz

with I/Q im

different su

orithm. 

60 70

mbalance c

ubcarrier w

80

 

compensat

with adaptiv

 

ion. 

 

ve 



120 
 

 

Figure 5-17 BER as functions of received optical power 

 

Figure 5-18 BER as functions of RF received power 
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Figure 5-19 Data rate as function of optical fiber transmission distance. 

 

 

 

Figure 5-20 Data rate as function of RF received power. 
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Figure 5-21 Data rate as functions of wireless distance. 

 

 

 

Figure 5-22 Effect of I/Q imbalance compensation. 
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Figure 5-23 Demodulated signal at 40 Gb/s for different subcarriers (a) 67 – 71 

(b) 6 – 10, and (c) 24 and 37. 

5.4.3 Experimental Setup for SC-FDM Signal 

The experimental setup for the SC-FDM signal is almost the same as the 

setup for the OFDM signal. The main differences are the Matlab® program and 

the transmitted signal power. For the SC-FDM signal, the sampling rate in 

Matlab® program equals to the wanted signal bandwidth. Due to the limited 

bandwidth of 60GHz signal, the sampling rate was 6.9375 GSample/s in 

Matlab® program. The Roll-off factor and wireless transmission distance are 

fixed to 0.05 and 4m in this experiment, respectively. Two subcarrier mapping 

methods will be investigated with different number of groups. The experiment 

also investigates the impact of I/Q imbalance, IFFT length, fiber transmission 

distance, and modulation format for each group. 

(a)

(b) (c)

(a)

(b) (c)
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5.4.4 Results and Discussions for SC-FDM Signal 

Figures 5-24 plot the transmission BER curves of the 64-QAM SC-FDM 

signal with one group and 512 IFFT size. The I/Q imbalance compensation in 

frequency domain is used in SC-FDM signal. The results verify the I/Q 

imbalance compensation in frequency domain greatly improves system 

performance. The I/Q imbalance leads an oblique constellation depicted in Fig. 

5-24 (a). After I/Q imbalance compensation, the constellation diagram has no 

obvious distortion as shown in Fig. 5-24 (b). 

The number of modulation symbols in one SC-FDM block equals to the 

number of points of IFFT. If the system has longer IFFT size, the system will 

have better frequency resolution. The benefit of SC-FDM signal is the PAPR 

not change too much with different IFFT size, as shown in Fig. 5-25. The 

PAPR (Pr(PAPR>PAPRo) = 0.1) of the 64-QAM SC-FDM signal with one 

group and 512 IFFT size is the same as 128 IFFT size. Therefore, the long 

IFFT size could provide better signal quality. Figure 5-26 shows the 

experimental result with different IFFT size of 64QAM SC-FDM signals with 

one group. Each block inserts 20 symbols referred to as CP in order to prevent 

inter-block interference (IBI). The result shows that the longer IFFT size has 

better performance. However, the long IFFT size has higher complexity of 

computation. This phenomenon is the same as the OFDM signal. Therefore, the 

IFFT size is set to 512 in future experiment. 

Figure 5-27 shows the electrical spectrums of down-converted SC-FDM 

signal with different fiber transmission distance. The signal bandwidth is 7 

GHz and the center frequency of down-converted signal is 4.5 GHz. The signal 

has no significant fading issue of up to 2km fiber transmission. The fading 
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issue can be observed when the fiber distance is longer than 3 km. For the 5km 

fiber transmission distance, the electrical power is very weak at 2.5GHz. 

Figure 5-28 illustrates the BER curves of 16QAM SC-LFDM signals with 

different number of groups in optical BTB and 4m wireless transmission 

distance. As shown in Fig. 5-29, the PAPR (Pr(PAPR>PAPRo) = 0.1) for 1, 8, 

64, and 512 groups are 6.1, 7.5, 7.8, and 7.8dB, respectively. The signal has 

high PAPR when the signal has more groups. The results show the lower PAPR 

signal has higher system performance. Between 1 group and 512 groups, the 

wireless power penalty at 10-3 is 2dB. Results also show that higher PAPR 

signal is easily saturation compared with low PAPR signal. When the signal has 

one group, the saturation power is -38dBm. When the signal has 512 groups, 

the saturation power is -35dBm. Because the PAPR of the signal with 512 

groups is 2.7dB higher than one group, the saturation power has 3dB difference. 

Figure 5-30 shows the data throughput of proposed system versus number of 

groups without fiber transmission. To reduce the impact of uneven channel 

response, the adaptive loading algorithm was used to adjust the power and the 

format of each group. The system with more groups has more ability to adapt 

fading channel, but it also suffers from higher PAPR. The target BER for 

adaptive bit-loading algorithm is lower than 10-3. The results show that more 

groups also get worse system performance. There reason is the same as 

pervious result. When the system has no fiber transmission, the adaptive 

bit-loading could not provide enough benefits to resist the PAPR induced 

performance degradation.  

Figure 5-31 illustrates the BER curves of 16QAM SC-LFDM signals with 

different number of groups in 5km fiber and 4m wireless transmission distance. 
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The electrical spectrum (see Fig. 5-27) of 5km fiber transmission distance 

shows the signal has serious fading issue at 2.5 GHz. The BER curves for 

different groups are much worse than FEC limit. This signal quality cannot be 

used in communication systems. Therefore, the adaptive bit-loading algorithm 

can reduce the impact of dispersion induced performance fading issue. The data 

throughput of adaptive bit-loading algorithm employ in SC-LFDM signal with 

5km fiber transmission show in Fig. 5-32. The signal with one group has 

7Gbps data throughput. The signal with 8 or 64 groups has 21Gbps data 

throughput. When the signal has 512 groups, the data throughput is decrease to 

19.8Gbps. The optimal number of groups has different result with optical BTB. 

This results show that more groups will be more robust to fading but higher 

suffer from PAPR. The optimal condition depends on the situation of system. If 

the system has serious uneven frequency response but provide good linearity, 

more group can be utilized in the system. Otherwise, the system needs fewer 

groups.  

Different mapping methods also induce different system performance. As 

shown in Fig. 5-33 (a), the receiver sensitivity at 10-3 of 16-QAM SC-IFDM 

signal is 1 dB better than 16-QAM SC-LFDM when both signals have 8 groups. 

The signals with 64 groups have the same result as shown in Fig. 5-33 (b). 

Figure 5-34 shows that the PAPR (Pr(PAPR>PAPRo) = 0.1) of the SC-LFDM 

signal with 8 groups is 0.1dB higher than the SC-IFDM signal with 8 groups. 

The experimental results show that the PAPR will degrade system performance. 

After the system use adaptive bit-loading algorithm, the SC-LDFM signal has 

higher data throughput as shown in Fig. 5-35. The result shows the bit-loading 

algorithm can provide more benefit to the SC-LFDM signal.  
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Figure 5-36 shows the data throughput for the SC-FDM and OFDM signal. 

The SC-FDM signals have better system performance than the OFDM signals. 

Due to the main impact of the system performance with shorter fiber 

transmission distance is the PAPR, the SC-FDM system should have better 

performance with shorter fiber transmission distance. However, the optimal 

groups for the SC-FDM signal less than 3km fiber transmission is one. 

Therefore, the system is hard to balance the performance between data format 

and BER. The BER for OFDM and SC-FDM signal are 9.5x10-4 and 3.3x10-4 

without fiber transmission, respectively. The result shows the SC-FDM signal 

still has opportunity to enhance data throughput.  

In optical BTB, the 64QAM SC-FDM with one group which is the same as 

SC-FDE has the best performance. The next high order modulation format for 

the 64QAM (42Gbps) is 128 QAM (49Gbps). Figure 5-37 shows BER curve 

for the 128QAM SC-FDM signal with 1 group. Minimum BER is 3.8 x10-3 

which is higher than FEC limit. If the system use other coding that has higher 

coding gain, the signal could use in wireless communication system. 

Given the small dispersion penalty observed for fiber spans up to 2 km, the 

proposed RoF system is well suited to system applications characterized by 

short fiber spans, but where minimal system complexity is critical. A good 

example is in-building applications, where in most instances fiber spans of less 

than 500 m are sufficient. However, if required, the fading-limited maximum 

fiber transmission distance may be extended by, for example, using a filter such 

as a wavelength interleaver to remove any one of the four sidebands (LO or 

vector signal) from the modulated optical signal at the HEU prior to 

transmission. Filtering out one of the sidebands results in the generation of only 
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one copy of the desired mm-wave signal at the RAU, and eliminat the 

possibility of fading. However, the filter makes the RoF system more complex, 

which as stated earlier should be avoided in short-range RoF applications. 
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Figure 5-24 BER curves of the 64-QAM SC-FDM signal with one group and 

512 IFFT size, (a) without I/Q imbalance compensation, (b) with I/Q imbalance 

compensation. 
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Figure 5-25 Simulations results of PAPR versus different IFFT size. 
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Figure 5-26 BER curves of the 64-QAM SC-FDM signal with different IFFT 

size. 



130 
 

0 1 2 3 4 5 6 7 8 9
-80

-70

-60

-50

-40

-30
 BTB
 500m
 1km
 2km
 3km
 4km
 5km

 

 

P
ow

er
 (

dB
m

)

Frequency (GHz)

 

Figure 5-27 The down-convert electrical spectrums of the SC-FDM signal for 

different standard single-mode fiber transmission length. 
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Figure 5-28 BER curves with different number of groups for BTB case. 
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Figure 5-29 Simulations results of PAPR versus different number of groups. 
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Figure 5-30 Data rate as function of number of groups for BTB case. 
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Figure 5-31 BER curves with different number of groups after 5km fiber 

transmission. 
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Figure 5-32 Data rate as function of number of groups after 5km fiber 

transmission. 
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Figure 5-33 BER curves of SC-LFDM and SC-IFDM signal, (a) with 8 groups, 

(b) with 64 groups. 
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Figure 5-34 Simulations results of PAPR for SC-LFDM and SC-IFDM signal. 

4 8 16 32 64 128
38.0

38.5

39.0

39.5

40.0

 SC-LFDM
 SC-IFDM

 

 

D
a

ta
 R

a
te

 (
G

b
p

s)

Number of Groups

 

Figure 5-35 Experimental results of data rate for SC-LFDM and SC-IFDM 

signal. 
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Figure 5-36 Experimental results of data rate for SC-FDM and OFDM signal. 
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Figure 5-37 BER curves of the 128-QAM SC-FDM signal with one group and 

512 IFFT size. 
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5.4.5 Experimental Setup for MIMO System 

Figure 5-38 schematically depicts the experimental setup of the proposed 

60-GHz RoF system using the 2×2 MIMO scheme. Based on previous 

experimental results, the 41.6-Gbps SC-FDM signal with one group (SC-FDE) 

provides the best system performance in optical BTB. Therefore, the SC-FDE 

signal is used to realize the 2x2 MIMO generation and transmission. Due to the 

limited equipment, two baseband SC-FDE signals for MIMO system were 

generated using an arbitrary waveform generator and sent into the optical 

modulator in serial. In order to realize RoF system, the signals transmit in 

optical fiber after optical transmitter. At receiver side, the optical signal was 

evenly split using 50:50 coupler. To imitate the MIMO system, one of the 

optical signals was delayed using 2 km fiber to generate parallel SC-FDE 

signals for MIMO system, as shown in Fig. 5-39. The fiber distance here is 

related to the signal time period. Since the system use 2 km fiber to delay 

signal, the data length of 1 x 10-5 second could be used in this demonstration. 

Both optical data stream were sent into individual photo detector for the 

generation of the 83-Gbps MIMO-SC-FDE signal at 60GHz.  

 After photo detectors, the electrical signals were amplified by low noise 

amplifiers and fed into standard horn antennas with 23-dBi gain for wireless 

transmission. Since the gain of two wireless transmitters cannot be exactly the 

same, the optical powers into photo detector were -2dBm and -2.5dBm to 

ensure that the wireless transmission powers are the same. The two transmit 

signals were separately transmitted over wireless channels and received by 

horn antennas. Since the 2x2 MIMO system is used, both receiver antennas 

would receive mixed signals from both transmitter antennas. Both the received 
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60.5 GHz signals were down-converted to 4.5GHz using electrical mixers and 

56GHz sinusoidal signals. A digital sampling scope was used to capture the 

signals for offline digital signal processing. 

The measurements were performed in a typical laboratory with dimensions 

of 7.5 m x 6.88 m (W x L). The plan of the laboratory and identifying 

ray-tracing paths for the 2x2 MIMO system is shown in Fig. 5-40. The 

transmitters and receivers were placed on tripods at the height 1.3 m above the 

floor. The separation distance of two receiver antennas was 5 cm which is 

much more than λ/2 to prevent the effects of coupling-induced correlation [88]. 

Both transmitter antennas always face to the center of two receiver antennas. 

The wireless transmission distance is fixed at 4m. 

 

Figure 5-38 Experimental setup of 2x2 MIMO system. 
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Figure 5-39 The principle diagram of the signal design of 2x2 MIMO system. 
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Figure 5-40 Spatial arrangements for 2x2 MIMO RoF systems. 

5.4.6 Results and Discussions for MIMO System 

To demonstrate the spatial multiplexing, a separation was introduced 

between the two transmitter antennas. The separation of the transmitter 

antennas is parallel to the separation of receiver antennas, and the centers of the 
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separations were aligned to each other. A lowest condition number (1.4) were 

achieved with 20-cm of transmitter antenna separation. 

Figure 5-41 displays the relation of bit error rate (BER) versus wireless 

received power with 4m wireless transmission distance using 83-Gbps 2x2 

MIMO-SC-FDE signals. From the results, 1 dB power penalty was observed 

between optical BTB and with 500m fiber transmission. In addition, -39 dBm 

wireless received power was enough to achieve FEC limit for both optical 

transmission distances. Since the BER of SC-FDE signal is much lower than 

FEC limit, 83-Gb/s data rate was achieved in the 2x2 MIMO-SC-FDE system 

with 7-GHz bandwidth, 64-QAM modulation format, 500m fiber, and 4m 

wireless transmission distances. 
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Figure 5-41 BER performance as function of wireless received power with 

different fiber transmission distance. 
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5.5 Summary 

In this Chapter, we have theoretically and experimentally investigated the 

performance of a simple RoF system for transporting and generating 

multi-Gbps wireless signals at 60 GHz. The RoF system employs a 

single-electrode MZM and uses no linearization techniques. Theoretical 

analysis of the proposed system shows that by choosing appropriate input 

signal frequencies, the system can achieve fiber transmission distances 

exceeding 3 km without any chromatic dispersion compensation. The 

theoretical analysis was confirmed by experimental results.  

This experiment employs a novel RoF system in combination with OFDM 

or SC-FDM modulation format. Adaptive bit-loading and I/Q imbalance 

compensation algorithm successfully circumvent multiple system impairments, 

and improve the system performance significantly. The RoF system was 

successfully demonstrated to transport a record of 40-Gb/s OFDM and 

SC-FDM signals at 60 GHz over more than 1 km of standard single-mode fiber 

and 4-m wireless distance. Fiber links of 1 km are sufficient for most 

short-range RoF applications such as in-building systems, where low system 

complexity is very critical. Performance of a 2x2 spatially multiplexed MIMO 

wireless link at 60 GHz is also evaluated. A record wireless speed of 83 Gb/s 

with a wireless distance of 3 m was achieved in 7 GHz bandwidth with very 

high spectral efficiency of ~ 12 b/s/Hz. These results demonstrate the feasibility 

of using MIMO at 60 GHz for increasing the capacity.  
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Chapter 6  

HYBRID ACCESS NETWORK 

6.1 Preface 

Since the capacity requirement for wireless communications continues to 

increase, high spectral efficiency modulation and a high carrier frequency are 

required for the next generation of ultra-high capacity wireless systems [82]. 

Many standards have been proposed concerning the delivery 

multi-gigabit-per-second services for 60GHz wireless system in the 7GHz 

license-free band. They include IEEE 802.15.3c, ECMA TC48, wireless 

HD/HDMI, WiGig and IEEE 802.11 VHT. High path loss and high attenuation 

through walls allow [36] 60GHz wireless signals to be used only over a 

relatively short distances (< 10m). The Radio-over-Fiber (RoF) approach 

technique is an effective means of extending the coverage of 60GHz wireless 

signals. 

Because of the required high bandwidth, high flexibility, high mobility, 

and low cost in the next generation access networks, an optical distributed 

infrastructure that hosts both fiber to the x (FTTx) and RoF systems is greatly 

desired. Recently, the simultaneous generation and transmission of FTTx and 

RoF systems that use a single wavelength have attracted significant interest 

because of sharing the same distributed infrastructure [24, 89, 90]. However, 

the bandwidth of a typical commercially available LiNbO3 modulator is limited 

to 40GHz, and electrical components and equipment with an operation 

frequency range of up to 60 GHz are very expensive. Additionally, since the 

available wireless spectrum is limited, high spectral efficiency modulation 
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formats are very desirable for wireless systems. Therefore, the development of 

a cost-effective optical 60GHz vector signal generation approach that integrates 

FTTx service is of great interest [93, 94]. 

In this chapter, two novel multi-service hybrid access network systems for 

60GHz wireless and wireline applications using a frequency multiplication 

technique will be presented. One of architecture use single-electrode MZM 

with frequency doubling technology. The other architecture use dual parallel 

MZM with frequency quadrupling technology. These two schemes employ a 

novel pre-coded method that is based on the digital signal processing. The 

proposed systems does not suffer from RF fading and needs no narrow-band 

optical filter at the remote node to separate the RF and baseband signals. A 

frequency multiplication method for RoF link is realized to reduce the 

bandwidth requirement of the transmitter. 

6.2 Hybrid Access Network System with Frequency Doubling 

6.2.1 Concept and Theoretical Analysis of Proposed System 

Figure 6-1 shows the concept of the proposed optical vector signal 

generation system based on a DSB-CS scheme. The optical field at the input of 

the single electrode MZM is given by ( ) cos( )in o oE t E t , where Eo and o   

are the amplitude and angular frequency of the optical field, respectively. The 

electrical driving signal sent into the MZM is 

 ( ) ( ) cos ( ) ( )RF RF BBV t V t t t V t     , where ( )RFV t  and ( )t  are amplitude 

and phase information of the RF driving signal, respectively, RF  is the 

angular frequency of the RF carrier signal, and ( )BBV t  is the amplitude of the 
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BB driving signal. When the MZM is biased at null point, the generated optical 

signals can be expressed as 

0

1

( ) [ ( )]sin[ ( )] cos[ ]

            [ ( )]cos[ ( )] cos[( ) ( )]
out o RF BB o

o RF BB o RF

E t E J m t m t t

E J m t m t t t


  

  

   
     (6-1) 

where ( ) ( ) / 2RF RFm t V t V  and ( ) ( ) / 2BB BBm t V t V  are modulation 

index (MI) of RF and BB signals, respectively. The Jn is the Bessel function of 

the first kind with order n. Notably, optical sidebands with the order of higher 

than J1 can be ignored due to weak modulation condition. After square-law 

detection using a photodiode (PD), the desired BB and RF signals are obtained 

and can be written as 

1 2⁄ sin  

cos             (6-2) 

1 2⁄ cos ∙ cos 2 2    (6-3) 

where R is the PD responsivity. The frequency of the generated RF vector 

signal ( 2 RF ) is two times that of the driving signal ( RF ). Note that the 

amplitude and phase information of the generated RF vector signal are 

2
1 [ ( )]RFJ m t   and 2 ( )t , respectively. Therefore, the amplitude ( ( )RFV t ) and 

phase information ( ( )t ) of the driving signal needs to be pre-coded to achieve 

the desired RF vector signals after square-law photo detection. By properly 

pre-coded of driving signals, the proposed scheme can support various kinds of 

modulation formats, including amplitude-shift keying (ASK), phase-shift 

keying (PSK), and quadrature-amplitude- modulation (QAM) signals. No 

optical filter is needed to separate BB and RF signals if M-ary PSK signals are 

utilized for RF signals [91], which is compatible with the current optical 
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passive optical network (PON). Therefore, the BB and RF signals can be 

rewritten as 

 
2 2 2 2

0 1

2 2
1

( ) [ ( ) 2 ( )]sin [ ( )]

           ( )
BB o RF RF BB

o RF

i t RE J m J m m t

RE J m

 


          (6-4) 

 
 2 2 2

1( ) 1 2 ( ) 1 sin [ ( )]

            cos[2 2 ( )]

RF o RF BB

RF

i t RE J m m t

t t 

  

 
               (6-5) 

where mRF, i.e. mRF(t)=mRF, is constant if M-ary PSK signals are utilized. 

Hence, for BB signals, the 2 2
1 ( )o RFRE J m  term can be easily removed by using 

an electrical DC block. From (4), the BB signal power and the interference 

power induced by RF signals are proportional to 4 4
01 4 ( )sin [ ( )]RF BBJ m m t  and 

4 4
1 ( )sin [ ( )]RF BBJ m m t , respectively. Therefore, the BB signal-to-interference 

ratio (SIRBB) can be defined as 

4 4
BB 0 1SIR ( ) 4 ( )RF RFJ m J m                                    (6-6) 

For the RF signal, the desired RF signal power and the interference power 

induced by the BB signal are proportional to 4
11 4 ( )RFJ m  and 

4 4
11 4 ( )sin [ ( )]RF BBJ m m t , respectively. We can define the RF 

signal-to-interference ratio (SIRRF) as  

4
RFSIR [ ( )]BBsin m t                     (6-7) 

Figure 6-2 shows SIRBB versus mRF and SIRRF versus mBB(t). Since the 

interference is in-band, it cannot be removed by electrical filters. As mRF and 

mBB(t) are less than 0.25, both SIRRF and SIRBB are more than 20 dB. In the 

following experiment, both mRF and mBB(t) are confined to 0.07 to keep both 

SIRBB and SIRRF above 40 dB. Therefore, the system impairments are 
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dominated by the uneven frequency response and high noise of 60-GHz 

components, instead of interference between BB and RF signals at large mRF 

and mBB(t). 

In this work, 60-GHz QPSK signal is experimentally demonstrated. Figure 

6-3 shows the principle of pre-coded scheme of the QPSK format. The phases 

information of the pre-coded QPSK signals ( ( )t ) which constellations are 

situated in the first and second quadrant are half of those of the generated 

QPSK signals ( 2 ( )t ). After square-law photo detection via the DSB-CS 

modulation, the standard QPSK signal with frequency doubling is achieved. 

 

 

Figure 6-1 The concept of proposed hybrid access network with frequency 

doubling. 
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Figure 6-2 SIRRF and SIRBB versus modulation index of BB and RF, 

respectively. 

 

Figure 6-3 The principle of pre-coded scheme of the QPSK format with 

frequency doubling system. (QPSK: quadruple phase-shift keying) 

6.2.2 Experimental Demonstration of Proposed System 

Figure 6-4 shows the experimental setup to verify the feasibility of the 

proposed system. A 2.5-Gbps pre-coded QPSK signal with a 2.5-GHz center 
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frequency is generated by an arbitrary waveform generator (AWG, Tektronix® 

AWG7102) with a Matlab® program. After the AWG, the pre-coded QPSK 

signal is up-converted to 30 GHz using an electrical mixer. The 30-GHz 

pre-coded QPSK signal is combined with a BB 1.25-Gbps OOK signal and sent 

into a single-electrode MZM. Before the transmission of 25-km standard 

single-mode fiber, the generated optical signal is amplified using an 

erbium-doped fiber amplifier (EDFA) and then passes through an optical 

band-pass filter to remove the amplifier spontaneous emission (ASE) noise. At 

the receiver side, an optical coupler is employed to separate the optical power 

of the hybrid signal for different applications. For wireless applications, a 

standard QPSK signal with center frequency at 60 GHz is generated after 

square-law PD detection. To realize QPSK demodulation, the received QPSK 

signal is down-converted to 5 GHz and captured by digital oscilloscope 

(Tektronix® DPO 71254). An offline program using a Matlab® program is used 

to demodulate and analyze the QPSK signal. The demodulated process includes 

synchronization and the bit error rate (BER) estimation. For wireline 

applications, the BB OOK signal is directly detected using a commercial 

1.25-Gbps photo receiver and sent into a BER tester. A 60-GHz DSB-CS 

optical spectrum with carrier suppression is observed while the BB OOK signal 

is turned off as shown in Fig. 6-5 (a). Only 30-GHz transmitter bandwidth is 

required in this experimental setup. While the BB OOK signal is turned on and 

combined with the pre-coded QPSK signal, a double-side-band optical 

spectrum with OOK-modulated carrier is obtained as shown in Fig. 6-5 (b). 

Due to the power limitation of available electrical RF amplifier in our 

laboratory, only mRF=0.07 can be achieved in this experiment. Therefore, both 
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mRF and mBB(t) of 0.07 are used to verify the concept of the proposed system. 

According to the theoretical analysis, the mutual interference effects can be 

ignored. Figure 6-6 shows the BER curves and constellations of QPSK signal. 

For the RF QPSK signal, the BER performance is calculated from the 

measured error vector magnitude (EVM). The constellation diagrams of the 

recovered QPSK signal at BTB and after transmission are shown in the inset (i) 

and (ii) of Fig. 6-6. After transmission of 25-km standard single-mode fiber, 

4-dB receiver power penalty is observed at a BER of 10-5. The RF receiver 

power penalty comes from timing walk-off between the two optical sidebands 

with different optical frequencies [92].  

Figure 6-7 shows the BER curves and eye diagrams of BB OOK signal. 

For the BB OOK signal, the receiver sensitivity at a BER of 10-9 is -19 dBm for 

BTB case. After 25-km standard single-mode fiber transmission, the power 

penalty at a BER of 10-9 can be ignored. 

Simultaneous generation and transmission of 60-GHz 2.5-Gbps QPSK and 

BB 1.25-Gbps OOK signals using a single-electrode MZM was experimentally 

demonstrated in this study. Frequency doubling and multi-level modulation 

format was achieved using DSB-CS modulation scheme with a novel signal 

pre-coded method. No narrow-band optical filter was required at remote node 

to separate the BB OOK signal and RF QPSK signal for different applications, 

which is compatible with the current PON system. After transmission of 25-km 

standard single-mode fiber, 4-dB receiver power penalty which came from the 

timing walk-off between two optical sidebands was observed in the 60-GHz 

QPSK signal while a negligible receiver power penalty was observed in the BB 

OOK signal.   
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Figure 6-4 Experimental setup of the proposed system. (OOK: on-off-keying; 

EDFA: erbium doped fiber amplifier; BPF: band pass filter; RN: remote node; 

BERT: bit error rate tester.) 
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Figure 6-5 Optical spectra (a) without OOK signal (b) with OOK signal. 
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Figure 6-6 BER curves of RF QPSK signal. (FEC: forward error correction) 

 

-22 -21 -20 -19 -18 -17 -16 -15 -14 -13
10
9
8
7
6
5

4

3

2
 OOK BTB
 OOK 25km

-L
o

g
(B

E
R

)

Power(dBm)
 

Figure 6-7 BER curves of BB OOK signal. 
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6.3 Hybrid Access Network with Frequency Quadrupling 

6.3.1 Concept of Frequency Quadrupling System 

Figure 6-8 shows a conceptual diagram of optical carrier-suppressed 

millimeter-wave signal generation using a frequency quadrupling technique 

without any optical filter. An external dual-parallel modulator that consists of 

three sub-MZMs is key to generating optical millimeter-wave signals. One 

sub-MZM (MZ-a or MZ-b) is embedded in each arm of the main modulator 

(MZ-c). The optical field at the input of the dual-parallel modulator is defined 

as ( ) cos( )in o oE t E t , where Eo is the amplitude of the optical field and ωo is 

the angular frequency of the optical carrier. MZ-a is biased at the maximum 

transmission point. The electrical driving modulation signal sent into MZ-a is 

( ) cos( )a ma RFV t V t , where maV  and RF  are the amplitude and the angular 

frequency of the driving signals, respectively. Therefore, the optical field at the 

output of the MZ-a can be expressed as 

0
2

1

( ) { ( )cos( ) ( )cos[( 2 ) ]}
2

MZ a o a o n a o RF
n

E
E t J m t J m n t n   






       (6-8) 

where Jn is the Bessel function of the first kind of order n, and ma is 

defined as / 2maV V . When the MZ-b is biased bias bV  , optical field at the 

output of the MZ-b is ( ) / 2 cos( ) cos( )MZ b o b oE t E m t    , where the mb is 

/ 2bias bV V  . If 0cos( ) ( )b am J m  and another π phase difference between 

MZ-a and MZ-b after MZ-c, optical field at the output of the dual-parallel 

modulator, after destructive interference, can be expressed as 

2
1

( ) 2 { ( ) cos[( 2 ) ]}out o n a o RF
n

E t E J m n t n  




                      (6-9) 



153 
 

The optical carrier can be easily suppressed by adjusted the biased of 

MZ-b. As modulation index of MZ-a (MIa=Vma/2Vπ=ma/π) approaches 0.5, the 

signal (J2) to higher orders subcarriers (J4, J6, J8, etc.) power ratio can achieve 

58 dB. Therefore, it is reasonable to ignore optical sidebands with order higher 

than J4 without causing significant errors, and the optical field can be further 

simplified to 

2 4( ) 2 { ( )cos[( 2 ) ] ( )cos[( 4 ) ]}out o a o RF a o RFE t E J m t J m t            (6-10) 

After square-law detection using a photodiode (PD), the photocurrent can 

be obtained from 
2

( ) ( )i t R E t  , where R is the photo detector’s responsively. 

The cross terms of Eq. (3) will generate the desired millimeter-wave signal and 

its harmonic distortion signals. These millimeter-wave signal terms are 

   
   
   

RF

RF

RF

2
2 2 4 RF

2
4 2 2 RF
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         (6-11) 

A strong millimeter-wave with frequency quadrupling ( RF4 ) can be achieved.  

Compared with previous works [93], synchronization between two 

electrical paths is unnecessary because only one RF driving signal is required 

to drive one of the sub-MZM. In addition, active trimming by controlling the 

sub-MZM DC bias can be utilized to improve the harmonic suppression ratio. 

Moreover, high modulation index (MI) is required in the previous work 

(MI=1.6). With the increasing of RF driving signal frequency (e.g. 40 GHz and 

beyond), high power driving signal is uneasy to obtain. The required MI in the 

proposed system is about 0.3. Therefore, costly high frequency power 

amplifiers are not required in the proposed system. However, the fourth order 

optical sideband cannot be suppressed inherently. In the previous work, only 
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sixth order optical sidebands are observed beside the second order optical 

sidebands. The sixth order optical sidebands are much smaller than the fourth 

ones because of the properties of the Bessel function. Therefore, the harmonic 

suppression of the current system is not as good as the previous work and there 

is about 10 dB suppression ratio difference between these two systems. 

Nonetheless, reasonable suppression ratio of 28 dB and 24 dB can be obtained 

at 40 GHz and 60 GHz RoF systems, respectively. 

 

Figure 6-8 The concept of optical frequency quadrupling millimeter-wave 

generation. (LD: laser diode) 

6.3.2 Experimental Demonstration of Frequency Quadrupling 

Figure 6-9 (a) shows the measured spectrum of the optical 40-GHz 

millimeter-wave signal using a 10-GHz driving signal and a dual-parallel 

modulator with 12-GHz bandwidth. The optical carrier is effectively 
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suppressed, and the power of the two second-order sidebands can be converted 

into 40-GHz electrical millimeter-wave signal after PD detection. In addition to 

the second and fourth order sidebands, the other harmonic sidebands are 

observed due to the imbalance y-junction splitting ratio of MZM. However, the 

suppression of the undesired harmonic sidebands can achieve more than 28.5 

dB and induces a negligible influence on the performance of the optical 

millimeter-wave signal. Figure 6-9 (b) shows the waveform of the optical 

millimeter-wave signal with 50% duty cycle due to high optical carrier and 

harmonic distortion suppression ratio. The optical 60-GHz millimeter-wave 

signal is also demonstrated using a 15-GHz driving signal. Figures 6-10 (a) and 

(b) show that the optical power of the two second sidebands is 24 dB higher 

than that of the other sideband, which is good enough for most practical 

applications. The different suppression ratios of 40-GHz and 60-GHz 

millimeter signals are caused by the limited modulator bandwidth (12 GHz). 

Figure 6-11 illustrates the experimental setup of the frequency quadrupled 

WDM up-conversion system. 4 × 1.25-Gbps optical carrier suppressed WDM 

signals are generated and up-converted to 20 GHz using only one external 

modulator and 5-GHz electrical driving signals. Four distributed feedback 

(DFB) lasers are used to achieve 4 wavelength signals from 1544.53 nm to 

1546.92 nm with 100-GHz channel spacing. A 1x4 optical coupler is used to 

combine these four DFB lasers. After the optical coupler, the lightwaves are 

modulated via a single electrode MZM driven by 1.25-Gbps pseudo random bit 

sequence (PRBS) electrical signal with a word length of 231-1.  

All WDM signals are then up-converted by using proposed method. At the 

remote node, a tunable optical filter with 0.3 nm bandwidth is utilized to select 
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the desired channel. The baseband (BB) OOK wireline signal can be recovered 

by low speed photo receiver, and the RF OOK wireless signal is detected by 

high speed photo receiver. The BB OOK signal is then sent to bit-error-rate 

(BER) tester, and the RF OOK signal is down-converted to BB using an 

electrical mixer before sent into BER tester. Figure 6-12 (a) shows the optical 

spectrum of the four WDM channels. After frequency quadrupling, two 

sidebands are separated by 20 GHz as shown in Fig. 6-12 (b). 

Figure 6-13 shows receiver sensitivities at BER of 10-9 versus different 

sub-MZM bias voltage drift deviation ratios. The bias voltage drift deviation 

ratio is defined as ( ) 100%V V  . As the bias drift deviation ratio of each 

sub-MZM is 15%, the receiver sensitivity penalty of the 20-GHz RF OOK 

signal is about 1.5 dB. With all three sub-MZM biases drift together, the 

penalty is less than 2 dB when drift deviation ratio is 10%.  

Figure 6-14 plots the BER curves and eye diagrams of the received 

1.25-Gbps BB and RF OOK signals at 0-km and 50-km standard single-mode 

fiber transmission. The power penalty of BB and RF signals of four channels 

after 50-km standard single-mode fiber transmission are less than 1.5 dB. 

Notably, the cross point of the eye diagram of the RF OOK signal changes after 

50-km standard single-mode fiber transmission. This is because fiber chromatic 

dispersion causes different group velocities of optical upper and lower 

sidebands of RF OOK signals [92]. 

In this thesis, a novel filterless frequency quadrupling technique for optical 

millimeter-wave generation using a dual-parallel modulator is proposed. 

Frequency tunability can be easily achieved because no driving signal 

synchronization is needed. The optical carrier and harmonic distortion 
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suppression ratio of generated optical millimeter-wave signals can reach more 

than 24 dB. We also demonstrate four-channel up-conversion in RoF systems 

with 1.5-dB penalty after 50-km standard single-mode fiber transmission. 

1545.0 1545.2 1545.4 1545.6 1545.8
-70

-60

-50

-40

-30

-20

 

In
te
n
si
ty
 (
d
B
m
)

Wavelength (nm)

 

Figure 6-9 Experimental results of the 40-GHz optical spectrum and electrical 

waveform. 
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Figure 6-10 Experimental results of the 60-GHz optical spectrum and electrical 

waveform. 
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Figure 6-11 Experimental setup of the WDM up-conversion system using 

frequency quadrupling technique with four channels 1.25-Gbps OOK signal. 

(TOF: tunable optical filter; LPF: lowpass filter.) 
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Figure 6-12 The optical spectra (a) without up-conversion (b) with 

up-conversion. 
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Figure 6-13 Receiver sensitivities versus different sub-MZM bias drift. 
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Figure 6-14 The BER curves and eye diagrams for BTB and after 50-km 

standard single-mode fiber transmission. (a) BB wireline signals; (b) RF OOK 

wireless signals. 
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6.3.3 Concept of Pre-coded Technique 

Figure 6-15 schematically depicts the concept of the millimeter-wave 

generation using single-electrode MZM. The single drive Mach-Zehnder 

modulator (MZM) used to modulate optical field. The optical field at the input 

of MZM is given by ( ) cos( )
in o o

E t E t , where Eo and 
o

  are the amplitude 

and angular frequency of the optical field, respectively. The driving signal V(t) 

consisting a DC biased voltage and RF signal at frequency 
RF

  is 

( ) ( )cos( ( ))
RFbias mV t V V tt t    , where Vbias is the dc biased voltage, ( )mV t  

and ( )t  are the amplitude and phase information of RF signal, respectively. 

The optical field at the output of the MZM is then given by  

    bias( ) cos cos
( )

cos ( )
2out o RF o

mV
E t E t t

V t
t

V V 

 
  
  

  
                      

      coscosb cos ( )cos ( ) sin b sin ( )cos ( )
o RF RF o

E t t tm t t m t t              
 

           

(6-12) 

where b is bias

2

V

V


, and m(t) is 

( )

2
mV t

V


. Using Bessel function expansion, the 

output optical field at the output of the MZM can be rewritten as 

 0 0( ) cos( )cos b ( ( ))
out cE t E tJ m t 

 
2

1

( ( ))cos( 2 ( ( )) )
RFn c

n

J m t t n t t n   




   
                                         

0 2 1
1

sin b ( ( ))cos( (2 1)( ( )) )
RFn c

n

E J m t t n t t n   





      
    (6-13) 

Due to the power of optical sidebands with the order of higher than J2 are 

smaller than J2 term and the generated optical signal would filter by optical 

band pass filter, the high order optical sidebands can be neglected with 
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significant errors. The output optical can be further simplified to 

 0 0( ) cos( )cosb ( ( ))
out cE t E tJ m t 

                                                   2 ( ( ))cos( 2 2 ( ))
RFcJ m t t t t                                            

 0 1sin b ( ( )) cos( ( ))
RFcE J m t t t t                      (6-14) 

If MZM is biased at the null point (Vbias = V ), the output field at the output of 

the MZM is become as 

 0 1( ) ( ( ))cos( ( ))
out RFcE t E J m t t t t                 (6-15) 

After square-law photo detection the photocurrent of the generated RF signal 

can be express as 

2

4 1

1
( ) [ ( )] cos[2 2 ( )],

2RF
RF

i t R J m t t t


                  (6-16) 

where R is the responsivity of photodiode. This result is proposed frequency 

doubling system, the phase information of signal need pre-coded form 2 ( )t  

to ( )t . Because the frequency doubling system is less arrange type can 

choose. In this work, the frequency quadrupling system is used to analysis 

pre-code method. 

If the MZM is biased at the full point (Vbias = 0 ), the output field at the 

output of the MZM is become 

  0 2( ) cos( ) cos( 2 2 ( ))J ( ( )) J ( ( )) ,
out o o o RF

E t E t t t tm t m t              (6-17) 

where m(t) is the modulation index defined as 2( )mV Vt  , Jn() is the nth order. 

After the modulation, the strong optical carrier at 
o

  would decade the signal 

sensitivity. Therefore, the strong optical carrier can be suppress by notch fiber 

bragg grating and the output optical can be further simplified to 
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2

( ) ( ) cos( 2 2 ( ))
out o o RF

E t E J m t t t                    (6-18) 

This result is the same with previous proposed frequency quadrupling result. 

The amplitude and phase information of two optical sidebands at 2
o RF

   are 

2
( )J m  and 2 ( )t , respectively. After square-law photo detection the 

photocurrent of the generated RF signal can be express as 

 2

4 2

1
( ) [ ( )] cos[4 4 ( )]

2RF
RF

i t R J m t t t


                   (6-19) 

The frequency of the generated RF signal ( 4
RF

 ) is four times that of the 

driving signal (
RF

 ). The amplitude and phase information of generated RF 

signal are 2

2
[ ( )]J m t  and 4 ( )t , respectively. Since the amplitude and phase 

information of generated RF signal is different with driving signal, the driving 

signal needs to be pre-coded to achieve the desired information. By properly 

pre-coded driving signals, the proposed scheme can support various kinds of 

vector signals, including amplitude-shift keying (ASK), phase-shift keying 

(PSK), and quadrature amplitude modulation (QAM). The pre-coded ( )
m

V t  is 

related to the second order of Bessel function, and the phase information of the 

generated vector signal is four times of ( )t . 

For the QPSK signal, since the phase information will change after the 

proposed system, the original signal need to pre-code. Figure 6-16 shows the 

standard and pre-coded QPSK signals, the standard QPSK have four 

constellation points at 4⁄ ∙ 2⁄ , where n = 0,1,2, and 3. For every point 

has four different points will reach same constellation points after frequency 

quadrupling system. For example, the previous result use four points in first 
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quadrant and get standard QPSK constellation points after receiver. In fact, 

there are many different arrange types will get the same signal. However, the 

signal shows different performance with different arrange type. 

In this work, we discuss pre-coded QPSK signal with twelve different 

arrange types and compare their performance. The twelve different arrange 

type shows in Table 6-1. The different arrange type that has different RF 

spectrum is show in Fig. 6-17. The constellation point would transfer to each 

other. If the constellation has centralized points, it causes constellation points 

have lower variation and the signal energy would centralize at the carrier 

frequency as show in Fig. 6-17. In other words, if the constellation points have 

large variation, it also needs more energy in high frequency to provide 

constellation point transfer. Therefore, the bandwidth of 97% of electrical 

power in how much symbol rate could calculate form electrical spectrum as 

shown in the Table 6-1. Because the electrical spectrum of generation RF signal 

has centralized bandwidth, the signal suffers less band limit channel effect. 

After frequency quadrupling system, the phase information would change to 

four times than original phase information. The stander QPSK signal would 

appear after square-law photo detection. However, the constellation transfer 

path would different form different arrange type, as shown in Fig. 6-18. Figure 

6-18 (a) shows the constellation transfer path of first arrange type. The original 

four points are at π/16, 3π/16, 5π/16, and 7π/16. After frequency quadrupling 

system and square-law photo detection, the four points would at π/4, 3π/4, 5π/4, 

and 7π/4. Moreover, the transfer path of phase information from π/16 to 7π/16 

is counterclockwise. Due to the path of original driving signal, the path of 

generated signal is also counterclockwise. This reason cause the receive 
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constellation transfer path is different between with regular QPSK signal and 

the signal with different arrange type also have different constellation transfer 

path. The length of constellation transfer path could calculate form original 

pre-code constellation point. If we don’t consider the amplitude variation, the 

length of constellation transfer path after system is proportion to original 

driving signal. Table 6-1 shows the length of constellation path that calculate 

from pre-code driving signal. Normally, the nearest distance between two 

points is the length of straight line between two points. Because the generated 

signal comes from different pre-code signal, the generated signal would have 

different transfer path. When the length of the constellation transfer path 

becomes more and more, this signal need more bandwidth to provide the 

constellation point transfer or provide more time to transfer. Therefore, the 

signal with large bandwidth would suffer channel response very serious. The 

worse channel response would cause signal performance decrease a lot 

especially in the signal with large bandwidth. Therefore, the complex transfer 

path needs more bandwidth for the constellation point transfer. If the channel 

bandwidth is limited, the signal would distortion after demodulator. For other 

arrange type, like Fig. 6-18 (b). The original four points are at π/16, 3π/16, 

5π/16, and 15π/16. After frequency quadrupling system and square-law photo 

detection, the four points would at π/4, 3π/4, 5π/4, and 15π/4. This signal path 

between π/4, 3π/4, and 5π/4 are the same with pervious case. The different are 

points to 15π/4 point and form 15π/4 point to other points. For example, the 

phase information continues change from the π/16 point to 15π/16 point. After 

the receiver, the phase information from π/4 to 15π/4 would pass 2π and then 

reach 7π/4. This phase change is large fluctuations, an undesirable quality in 
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communication systems. This work would discuss different arrange type and 

compare performance each other. 

For the start 8-QAM signal generation, it would include amplitude 

information. Due to the analysis result of the optimal condition is four points 

closely that have lowest bandwidth and the lowest constellation length path. 

Therefore, the simulation condition of star 8-QAM signal would fix inner and 

outside four points is closely and change the position between inner and outside 

as shown in Fig. 6-19. The star 8-QAM signal can be divided into eight 

different arrange type, as shown in Table 6-2. Figure 6-20 shows the electrical 

spectrum before send into MZM. The 500-Msymbol/s 8-QAM signal is used to 

demonstrate.  

Figure 6-20 shows the electrical spectrum that inner and outside point 

from small to large. The figure shows that the points are centralization would 

have higher carrier power and lower sideband power. The 97% power in how 

much bandwidth is show in Table 6-2. The length of transfer path could 

calculate form pre-code signal, as shown in Table 6-2. In this work, we would 

give detail analysis and experimental demonstration of direct-direction RF 

QPSK and 8-QAM signals using frequency quadrupling. 
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Figure 6-15 The concept of the millimeter-wave generation using 

single-electrode MZM. 

 

Figure 6-16 The principle of pre-coded scheme of the QPSK format with 

frequency quadrupling system. 
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Table 6-1 Comparison of 12 pre-coded QPSK signals. 

 

Arrange type n, ( π) Path Length Power(97%)(Symbo

l rate) 

1 0, 1, 2, 3 1 0.523 

2 0, 1 ,2, 7 1.84084 1.379 

3 0, 1, 6, 7 2.12475 1.452 

4 0, 1, 3, 6 1.80687 1.259 

5 0, 1, 6, 11 2.38026 1.521 

6 0, 1, 3, 10 2.10828 1.457 

7 0, 1, 7, 10 2.39219 1.536 

8 0, 1, 3 ,14 1.52295 0.752 

9 0, 2, 5, 7 2.07987 1.391 

10 0, 2, 5, 11 2.36379 1.503 

11 0, 5, 7, 14 2.38128 1.533 

12 0, 3, 6, 9 2.35823 1.489 
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Figure 6-17 Electrical spectra of 12 pre-coded QPSK signals. 
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(a) Type 1 (b) Type 2 (c) Type 3 (d) Type 4

(e) Type 5 (f) Type 6 (g) Type 7 (h) Type 8

(i) Type 9 (j) Type 10 (k) Type 11 (l) Type 12

 

Figure 6-18 Constellation transfer path of 12 pre-coded QPSK signals. 
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Figure 6-19 The principle of pre-coded scheme of the 8-QAM format with 

frequency quadrupling system. 
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Table 6-2 Comparison of 8 pre-coded 8-QAM signals. 

Arrange type n, ( π) n=0, 1, 2, 3 

k, ( π) 

Path 

Length 

Power(97%)(Sym

bol rate) 

1 k=1, 2, 3, 4 1 0.556 

2 k=2, 3, 4, 5 1.12157 0.610 

3 k=3, 4, 5, 6 1.32592 0.698 

4 k=4, 5, 6, 7 1.56471 0.866 

5 k=5, 6, 7, 8 1.79024 1.340 

6 k=6, 7, 8, 9 1.972 1.454 

7 k=7, 8, 9, 10 2.0982 1.492 

8 k=8, 9, 10,11 2.16274 1.524 

 

 

Figure 6-20 Electrical spectra of 8 pre-coded 8-QAM signals. 
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6.3.4 Experimental Demonstration of Pre-coded Technique 

Figure 6-21 depicts the experimental setup of the pre-coded test system. In 

order to generate the pre-coded signal, the arbitrary waveform generator (AWG, 

Tektronix® AWG7102) is used. The 1.5-Gbps pre-coded QPSK and 8-QAM 

signal with a center frequency at 2.5 GHz is generated by an AWG using a 

Matlab® program, as shown in Fig. 6-22. The resolution of the 

digital-to-analogue converter of the AWG was set to 8 bits. The digital to 

analog converter (DAC) sampling rate was 20 Gsample/s. It was then 

up-convert to 15 GHz using an electrical mixer and 15-GHz sinusoidal signal. 

And then the electrical bandpass filter use to filter out image signal at 10 GHz, 

as shown in Fig. 6-23. The pre-coded signal was then used to drive a 

single-electrode LiNbO3 MZM with 3-dB bandwidth of 20 GHz is employed. 

The optical signal source was an external-cavity laser emitting +4-dBm optical 

power at 1550-nm wavelength. The continuous wave (CW) optical signal was 

fed into the MZM, where it was modulated by the pre-coded signal. The MZM 

was biased at the maximum transmission point in order to generate two 

second-order sidebands. After the MZM, the original optical carrier is 

suppressed by fiber bragg grating with 28 dB suppression ratio. The optical 

signal was then amplified by an Erbium Doped Fiber Amplifier (EDFA) with a 

noise figure of 4 dB. After the EDFA, an optical band-pass filter with a 3-dB 

bandwidth of 0.7 nm was used to suppress the amplified spontaneous emission 

(ASE) noise. As shown in Fig. 6-24, two second-order sidebands are very clear. 

Two strong second-order sidebands are modulated with different phase 

information but the same amplitude information. Notably, the undesired 

sideband suppression ratio is more than 31 dB, which has negligible effect on 
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the performance of the optical vector signal. Before being sent into receiver 

side, the optical signal transmits 25-km standard single-mode fiber. At the 

receiver, the electrical signal generate at 60 GHz through square-law 

photo-detection (beating term for two second-order sidebands) in the 67-GHz 

photodiode. Since the amplitude and phase information of generated RF signal 

are different with original driving signal, the standard vector signal is generated 

by pre-coded signal. The RF signal was then amplified by a low noise amplifier 

(LNA) with 40-dB gain, and down-converted to 5 GHz as shown in Fig. 6-25. 

The time domain waveforms of the down-converted signals were captured by 

digital oscilloscope with a 50-Gsample/s and a 3-dB bandwidth of 12.5 GHz 

for off-line signal processing and analysis. An off-line processing using a 

Matlab® program includes synchronization and BER estimation. 

First, we measured the performance of the 1.5-Gbps QPSK signal. Figure 

6-26 shows the signal-to-noise (SNR) of constellation versus different arrange 

type. The SNR of constellation is defined as  

SNR = –20 log (EVM/100%).               (6-20) 

Figure 6-26 also shows the transmission distance between constellations points 

increased, the signal performance decreased. For the arrange type one, the 

signal performance is best due to short transmission distance. The signal 

quality is depend on the different arrange type. As the path length becomes two 

times of arrange type one, the SNR of signal would decrease 3dB. The reason 

is complex transfer constellation points, the large variation need large 

bandwidth. Due to the bandwidth is limited and the channel response is not 

perfect, the channel would induce ISI. When the signal has complex transfer 

constellation points, the signal would have more ISI. Figure 6-27 shows the 
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BER curves for QPSK signal with three different arrange type. This figure 

shows 1, 8 and 12 arrange type. For lower optical receiver power have almost 

the same sensitivity, it means the signal performance domain by noise. For 

higher optical receiver power, the sensitivity are different for different arrange 

type. Figure 6-27 also shows the BER curves with BTB and 25-km fiber 

transmission. If the path length becomes more, the signal need more transfer 

speed or timing. The transfer speed becomes more means that the signal needs 

more bandwidth. The transfer timing becomes longer means that the receiver 

need more precision decision point. Due the signal transmission of optical fiber 

would suffer dispersion induce walk-off effect, fiber chromatic dispersion 

causes different group velocities of optical upper and lower sidebands, would 

cause the eye opening becomes small. Due to the distance between 

constellation point would need higher bandwidth or lower eye opening, lower 

eye opening would suffer higher penalty after fiber transmission. As shown in 

the Fig. 6-27, the complex arranged signal after 25-km standard single-mode 

fiber transmission would has more power penalty. For the arrange 1, the power 

penalty is about 0dB after 25-km fiber transmission. For the arrange 8 and 12, 

the power penalty are 0.5 and 1.5 dB, respectively. 

Figure 6-28 has additionally information about 8-QAM signal, the 

pre-coded method not only can carrier phase information but also amplitude 

information. Figure 6-28 also shows that the different arrange type would have 

different performance. When the length of constellation transfer path is 

increased, the signal SNR would decrease. The result is the same with QPSK 

signal, the SNR decrease 3dB with the distance of transfer path becomes two 

times. Moreover, the complex type has higher penalty after 25-km standard 
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single-mode fiber transmission as shown in Fig. 6-29. The results is the same 

with QPSK signal. 

This work use frequency quadrupling technique and pre-code method to 

generate 1.5-Gbps QPSK and 8-QAM signal at 60GHz. The results show 

different pre-code method would generate different bandwidth, path length, and 

signal quality. The signal has closely constellation points would have better 

performance and minimum bandwidth. After 25-km standard single-mode fiber 

transmission, closely constellation points have lowest power penalty. 

 

Figure 6-21 Experimental setup of pre-coded test system. 
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Figure 6-22 Electrical spectrum after arbitrary waveform generator. 
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Figure 6-23 Electrical spectrum after up-conversion. 
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Figure 6-24 Optical spectrum after MZM modulation. 
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Figure 6-25 Electrical spectrum after down-conversion. 
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Figure 6-26 SNR and path length versus different QPSK signals. 
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Figure 6-27 The BER curves for QPSK signals with different arrange type. 
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Figure 6-28 SNR and path length versus different 8-QAM signals. 
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Figure 6-29 The BER curves for 8-QAM signals with different arrange type. 
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6.3.5 Concept of Hybrid Access Network  

Figure 6-30 schematically depicts a proposed hybrid access network 

system that uses a dual parallel MZM. The MZ-a driving signal is a RF PSK 

signal with a frequency of f for wireless application. When the MZ-a is biased 

at full point, only even-order optical subcarriers are generated, as presented in 

inset (i) in Fig. 6-30. The original optical carrier can be completely suppressed 

by adjusting the bias point of MZ-b and introducing a 180 degrees phase shift 

between MZ-a and MZ-b, indicating that the output optical carrier field of 

MZ-a, J0[ma], equals the output carrier field of MZ-b, cos[mb], where ma and 

mb are / 2
a

V V


  and / 2
b

V V


 , respectively. However, when an OOK signal is 

sent to MZ-b in a wireline applications, J0[ma] does not always equal cos[mb]. 

The optical carrier re-appears, as presented in the insets (ii)-(iv) in Fig. 6-30. 

This phenomenon implies that an RF signal with a frequency of 2f will appear 

at the receiver, but this signal can be easily filtered out by an electrical 

band-pass filter that is centered at 4f. Inset (v) in Fig. 6-30 presents the 

generated optical spectrum, which includes two optical sidebands and optical 

carrier at the output of the modulator. After square-law photo detection, the 

beating terms of the two optical sidebands generate the desired electrical RF 

PSK signal, as presented in Fig. 6-31. Since the amount of frequency and phase 

information for the generated RF signal is four times that in the original 

electrical RF signal, pre-coded data are needed to ensure that the generated RF 

signal is regular PSK [95]. For FTTx applications, the square terms of the 

optical sidebands and optical carrier contribute to the BB signal. When the 

pre-coded data represent a pre-coded PSK signal, the square terms of the 

optical sidebands contribute only DC term to the BB signals, causing only 
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negligibly interfering with the BB OOK signal after being suppressed by an 

electrical DC block. Therefore, the BB OOK signal can be easily recovered 

using a typical low-speed receiver, whereas the RF PSK signal can be 

recovered using a high-speed receiver with no interference from the BB signals. 

Therefore, no optical filter is required to separate the BB and RF signals. Since 

no additional narrow-band optical filter is required, the proposed structure is 

compatible with the existing wavelength division multiplexing passive optical 

network (WDM-PON). 

Laser

RF vector 
signal

BB 
OOK
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MZ-b
π
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4f

zero
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Figure 6-30 Concept of proposed hybrid access network system with frequency 

quadrupling. 
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Figure 6-31 Concept of pre-coded method with frequency quadrupling. 

6.3.6 Experimental Demonstration of Hybrid Access Network 

Figure 6-32 depicts the experimental setup to verify the feasibility of the 

proposed hybrid access network system. A tunable laser with linewidth of 

10kHz is utilized as the optical source. The laser output power is 3.8dBm 

center at 1550nm. The pre-coded 1.2Gbps 8PSK and 1.25Gbps QPSK signals 

at 2.5GHz are generated using a Tektronix® AWG7102 arbitrary waveform 

generator (AWG) with a Matlab® program. The sampling rate and 

digital-to-analog converter resolution of the AWG are 10GS/s and 8bits, 

respectively. After the signal from the AWG, the signal is up-converted to 

15GHz using an electrical mixer with a 12.5GHz local oscillator signal and an 

electrical band pass filter that is centered at 15GHz with a 4GHz passband, as 

presented in Fig. 6‐33. The generated RF signal is then applied to the MZ-a 

with bias at the full point. The modulation index (MI≜Vp-p/2Vπ) is set at one to 

maximize the undesired sideband suppression ratios. The generation of optical 

carrier is suppressed by adjusting the bias voltage of the MZ-b.  

Figure 6-34 shows the optimal optical spectrum, and the optical powers of 

the two desired second-order sidebands are 24dB higher than those of the other 

sidebands. The BB OOK signal is a 1.25Gbps pseudorandom binary sequence 



185 
 

(PRBS) signal with a word length of 211-1. Figure 6-34 also plots the optical 

spectra of the OOK signal. Second-order sidebands and optical carrier are 

clearly shown. Since the losses of the dual parallel MZM and 25km standard 

single-mode fiber are about 14dB and 5dB, respectively, the generated optical 

signal is amplified using an erbium-doped fiber amplifier (EDFA) to 

compensate for this loss. At the receiver end, an optical coupler is adopted to 

separate the optical power to deliver it to various applications. For wireless 

applications, the 60GHz 8PSK or QPSK signal is generated by square-law 

photo-detection (beating term of two second order sidebands) and 

down-converted to 5GHz using a 55GHz sinusoidal signal, as shown in Fig. 

6-35. Five thousands symbols of 8PSK (QPSK) waveforms are captured using 

a digital scope at a 50GHz sampling rate for offline signal processing. The bit 

error rate (BER) is estimated from the error vector magnitude. For wireline 

applications, the optical signal is directly detected using a commercial 

1.25-Gbps photo receiver and the performance is evaluated using a BER tester. 

For uplink applications, wavelength reuse is achieved via an RSOA, and a 

1.25-Gbps OOK signal is directly applied to the RSOA. For the RSOA, the 

electrical bandwidth is 1.2GHz, the bias voltage is set at 4 Volts and the driving 

voltage of the OOK signal is 2 Volts. To reduce the effect of the original 

optical signal, the input power of the RSOA is set to -8dBm to ensure that the 

RSOA operates in the saturation region. 

Since the wireless signal is more sensitive to the transmission environment 

than is the wireline signal, the system operators must be able to adjust freely 

the power ratio between the wireline and wireless services, according to 

geography. Figure 6-36 shows the optical spectrum, which indicates that the 
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relative intensity of the RF-modulated sidebands and BB-modulated carrier can 

be tuned easily by adjusting the power of the two input signals to the proposed 

system. The optical power ratio (OPR) is defined as 

OPR(dB) = PBB/PRF,                  (6-21) 

where PBB and PRF are the power of the BB-modulated carrier and 

RF-modulated sidebands, respectively. 

Figure 6-37 presents the sensitivity of the 1.2-Gbps 8PSK signal at -20dBm 

and that of the 1.25-Gbps OOK signal at -10dBm with different OPRs. Insets 

(i)-(vi) in Fig. 6-37 present the constellations (eye diagrams) for the 8PSK 

(OOK) signal with different OPRs. The performance tradeoff between the 

8PSK and OOK signals is clearly observed. 

Figure 6-38 and Fig. 6-39 show the BER curves for the RF and BB signals 

for back-to-back (BTB) and a transmission length of 25km. No significant 

receiver power penalties are observed following the transmission. Figure 6-38 

also presents the tradeoff between the spectral efficiency and the receiving 

power sensitivity. The 8PSK signal has 1.5 times the spectral efficiency of the 

QPSK signal, but it has the worse receiver sensitivity. Whether the RF signal 

data format is 8PSK or QPSK does not significantly affect the sensitivity of the 

receiver to the OOK signal. Figure 6-40 plots the BER curves for the upstream 

signal. After transmission over 25-km standard single-mode fiber, the 

sensitivity penalty at a BER of 10-9 is less than 0.5dB. Figure 6-38, Fig. 6-39, 

and Fig. 6-40 also present the constellations of the RF 8PSK signals, the eye 

diagrams of the downstream OOK signals, and the eye diagrams of the 

upstream OOK signals, respectively. Following the transmission, all of the 

diagrams are observed without significant distortion. 
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A novel hybrid access network architecture was demonstrated using one 

dual parallel MZM; a 60GHz RF signal, a 1.25-Gbps downstream BB signal 

and a 1.25-Gbps upstream signal are transmitted on a single wavelength. The 

1.2-Gbps 8PSK and 1.25-Gbps QPSK signals are produced by 15-GHz RF 

components of the transmitter by frequency quadrupling and pre-coded. After 

transmission over 25-km standard single-mode fiber, the power penalties for 

both RF and BB signals are negligible. The proposed system exhibits no RF 

fading; no narrow-band optical filter is required at the remote node to separate 

the RF and BB signals; uplink services are provided, and vector signals are 

carried. In summary, the proposed system provides a simple and cost-effective 

solution for hybrid access networks. 
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Figure 6-32 Experimental setup of the proposed hybrid access network system 

with frequency quadrupling. (RSOA: reflective semiconductor optical 

amplifier.) 



189 
 

13 14 15 16 17
-60

-40

-20

0

20
P

ow
er

 (
dB

m
)

Frequency (GHz)
 

Figure 6-33 Electrical spectrum after up-conversion. 
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Figure 6-34 Optical spectra of the RF signal before and after combing. 
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Figure 6-35 Electrical spectrum after down-conversion. 
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Figure 6-36 Optical spectra of different OPRs. 
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Figure 6-37 BB OOK and RF 8-PSK sensitivities with different OPRs. 
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Figure 6-38 BER curves of RF PSK signal. 
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Figure 6-39 BER curves of BB OOK signal. 
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Figure 6-40 BER curves of uplink OOK signal. 
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6.4 Summary 

The hybrid access network systems with frequency doubling and 

frequency quadrupling are proposed. For the system with frequency doubling 

technique, simultaneous generation and transmission of 60-GHz 2.5-Gbps 

QPSK and BB 1.25-Gbps OOK signals using a single-electrode MZM was 

experimentally demonstrated in this study. Frequency doubling and multi-level 

modulation format was achieved using DSB-CS modulation scheme with a 

novel signal pre-coded method. After transmission of 25-km standard 

single-mode fiber, 4-dB receiver power penalty which came from the timing 

walk-off between two optical sidebands was observed in the 60-GHz QPSK 

signal while a negligible receiver power penalty was observed in the BB OOK 

signal. 

For the system with frequency quadrupling technique, the system was 

demonstrated using one dual parallel MZM; a 60GHz RF signal, a 1.25Gbps 

downstream BB signal and a 1.25Gbps upstream signal are transmitted on a 

single wavelength. The 1.2Gbps 8PSK and 1.25Gbps QPSK signals are 

produced by 15-GHz RF components of the transmitter by frequency 

quadrupling and pre-coded. After transmission over 25-km standard 

single-mode fiber, the power penalties for both RF and BB signals are 

negligible. Furthermore, wavelength reuse for uplink data transmission via a 

RSOA is also demonstrated with a penalty of less than 0.5 dB. 

Two proposed systems exhibit no RF fading; no narrow-band optical filter 

is required at the remote node to separate the RF and BB signals, and vector 

signals are carried. Therefore, the proposed systems are compatible with the 

current PON system. In summary, the proposed systems provide a simple and 
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cost-effective solution for hybrid access networks. 
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Chapter 7  

CONCLUSION 

Four novel RoF systems for transporting and generating wideband signals 

at 60 GHz have discussed in this thesis. The first architecture demonstrates the 

feasibility of the generation of an RF direct-detection vector signal using 

optical I/Q up-conversion. The second system demonstrates a short-range RoF 

system employing a single-electrode MZM. Both systems transmit 

single-carrier and multi-carrier signal and employ several digital signal 

processing. The third and fourth systems present two simple hybrid access 

network architectures for generating and transmitting a 60GHz radio frequency 

(RF) phase-shift keying (PSK) signal with a baseband (BB) on-off keying 

(OOK) signal simultaneously.  

Chapter 1 provides the review of wireless systems and the advantages of 

60 GHz technology. The challenges of the transmission of the 60 GHz signal 

were discussed. Therefore, the 60 GHz RoF systems with digital signal 

processing attract great interests for future applications. Chapter 2 describes the 

basic ideas of 60 GHz RoF systems using external modulator. RoF system can 

be separated into an optical system and a wireless system. Optical system 

includes the optical transmitter, the optical channel and the optical receiver. 

The optical doubul-sideband (DSB) and DSB with carrier suppression 

(DSB-CS) modulation schemes were discussed. The properties of 60 GHz 

components and 60 GHz wireless channel were discussed. The impairments of 

60 GHz RoF systems were also investigated in Chapter 2. The properties of 

digital signal modulation formats and digital signal processing were discussed 

in Chapter 3. The signal carrier, orthogonal frequency-division multiplexing 
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(OFDM), single-carrier frequency domain equalization (SC-FDE) and 

single-carrier frequency division multiple access (SC-FDMA) modulation 

formats were discussed. The digital signal processing for system impairments 

and concept of Multiple-Input Multiple-Output (MIMO) were also discussed.  

A novel optical I/Q up-conversion RoF system for 60 GHz wireless 

applications was proposed in Chapter 4. The advantage of the proposed 

transmitter is that no electrical mixer is needed to generate RF signals. 

Therefore, I/Q data of RF signals are processed at baseband at the transmitter, 

which is independent of the carrier frequency of the generated RF signal. 

Theoretical analysis and experimental demonstration of this system were 

performed. The impact of the I/Q imbalance was also discussed. In order to 

achieve multi-standard operation, signal carrier and OFDM signals are utilized 

in the proposed system. The I/Q imbalance correction and adaptive loading 

algorithm are used to improve system performance. After employing adaptive 

bit-loading and I/Q imbalance compensation algorithm, a 32.38 Gb/s RoF 

signal at 60 GHz band signal is demonstrated. After transmission over 25-km 

standard single-mode fiber, negligible penalty is achieved without any 

dispersion compensation. 

In Chapter 5, a simple 60GHz RoF system employing a single-electrode 

MZM was demonstrated. This system uses only one single-electrode 

Mach-Zehnder modulator (MZM) with bandwidth less than 35.5-GHz 

bandwidth. The impact of fiber chromatic dispersion and beat-noise on the 

performance of the RoF system are investigated by theoretical analysis and 

experimental demonstration. OFDM, SC-FDE and SC-FDMA signals 

generation and modulation techniques were developed. The RoF system was 
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successfully used to transport 40-Gb/s OFDM and SC-FDM signals at 60 GHz 

over more than 1 km of standard single-mode fiber and 4-m wireless distance. 

2 x 2 MIMO technologies were also investigated to increase the data 

throughput within the 7 GHz band. A record wireless speed of 83 Gb/s with a 

wireless distance of 3 m was achieved in 7 GHz bandwidth with very high 

spectral efficiency of ~ 12 b/s/Hz. These results demonstrate the feasibility of 

using MIMO at 60 GHz for increasing the capacity. 

The proposed optical and electrical up-conversion systems could achieve 

high-capacity. Both systems could support vector signal generation that helps 

compatible with wireless standard. The optical up-conversion system does not 

suffer RF-fading problem but complex system is needed for signal generation. 

Therefore, the optical up-conversion system is not suitable for short range RoF 

communication. The electrical up-conversion system is much simple than 

optical up-conversion system that would much suitable for short range RoF 

communication but system would suffer RF-fading problem that hard to 

support long range RoF communication. By the way, the optical I/Q modulator 

has much large bandwidth than electrical I/Q mixer. The optical up-conversion 

system suffers less I/Q imbalance issue than electrical system. The 

experimental results show that the total data throughput is improved 1Gbps for 

optical up-conversion system and 10Gbps for electrical up-conversion system. 

Therefore, the optical up-conversion system has much potential for large 

bandwidth communication in the future. 

In Chapter 6, two novel multi-service hybrid access network systems for 

60GHz wireless and wireline applications using frequency multiplication 

techniques were presented. One of architecture uses single-electrode MZM 
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with frequency doubling technology. The other architecture uses a dual-parallel 

MZM with frequency quadrupling technology. These two schemes employ a 

novel pre-coded method that is based on the digital signal processing. The 

proposed systems does not suffer from RF fading and needs no narrow-band 

optical filter at the remote node to separate the RF and baseband signals. A 

frequency multiplication method for RoF link is realized to reduce the 

bandwidth requirement of the transmitter. For the system with frequency 

doubling technique, simultaneous generation and transmission of 60-GHz 

2.5-Gbps QPSK and BB 1.25-Gbps OOK signals using a single-electrode 

MZM was experimentally demonstrated in this study. After transmission of 

25-km standard single-mode fiber, 4-dB receiver power penalty which came 

from the timing walk-off between two optical sidebands was observed in the 

60-GHz QPSK signal while a negligible receiver power penalty was observed 

in the BB OOK signal. For the system with frequency quadrupling technique, 

the system was demonstrated using one dual-parallel MZM; a 60GHz RF 

signal, a 1.25Gbps downstream BB signal and a 1.25Gbps upstream signal 

were transmitted on a single wavelength. The 1.2Gbps 8PSK and 1.25Gbps 

QPSK signals are produced by 15-GHz RF components of the transmitter by 

frequency quadrupling and pre-coded. After transmission over 25-km standard 

single-mode fiber, the power penalties for both RF and BB signals are 

negligible. Furthermore, wavelength reuse for uplink data transmission via a 

RSOA is also demonstrated. Two proposed hybrid access network systems 

exhibit no RF fading; no narrow-band optical filter is required at the remote 

node to separate the RF and BB signals, and vector signals are carried. 

Therefore, the proposed systems are compatible with the current PON system. 
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